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Summary of Final Report

The objectives of this research project were:

To study experimentally and theoretically the mechanism and kinetics
of deposition and penetration of ceramic particles into porous
substrates by electrophoresis.

To study formation of ceramic oxide coatings from ionic solutions by
electroreduction.

To apply the results in order to develop a method for coating and
impregnation of graphite and carbon—carbon composites with

oxidation resistant materials.

The approach adopted in order to achieve these objects was based on:

—

Application of an electric field for deposition and penetration of
ceramic oxides from ionic aqueous solutions by electroreduction.

Solve Fokker—Planck probability functions to predict theoretically
particle penetration into pores as a function of physical parameters.

Electrophoretic deposition is obtained by the movement of electrically

charged ceramic particles suspended in a fluid under the influence of a

relatively high electric field. The charging of the particles takes place by the

absorption of ions from the medium or by dissociation of the particle itself.

The mobility of the particles in an unbounded medium is a function of the

field strength, the dielectric constant and viscosity of the fluid and of the

zeta potential and radius of the particle.

The phenomenon of electrophoresis can be utilized also for the

induction of ceramic particles into the pores of a porous substrate. The

particle penetration is facilitated by the electrophoretic force exerted on it

and the electroosmotic flow of the fluid into the pores.




The electrolytic deposition of ceramic oxides from aqueous ionic
solutions -is based on the generation of hydroxyl ions (OH ) by cathodic
redunction of ions such as NO'S' and the subsequent interaction between OH™
and appropriate cations, such as Al3¢, ZrO** to form insoluble hydroxides of
Al(OH)y, or Zr (OH)¢ for example. Decemposition-of the hydroxide upon
thermal treatment renders the oxides. Co—deposition of two or more oxides
is possible provided the different appropriate cations are present in the
electrolyte.

The research program consisted of the following stages.

1. Investigation of the possibility to charge and deposit
electrophoretically various oxide and non—oxide ceramics which have
the potential to protect carbon materials.

2. Testing of the concept that ceramic particles can be induced into the
pores of a porous substrate due to the effect of the electric field.

3. Investigation of the possibility to deposit ceramic coatings on graphite
and C—C from aqueous ionic solutions by electrochemical reactions.

4, Theoretical analysis of the penetration of a single ceramic particle
under the effect of an electric potential gradient into an open pore in
order to:

- gain an insight on the mechanisms governing the penetration;

- derive the non—dimensional parameters that characterize the

motion of the ceramic particle;

- predict the penetration depth of the particle.

5. Study the effect of electrophoretic deposition and fluid parameters on
the quantitative penetration of ceramic particles into the porous

substrate.




10.

11.

12.

Study of electrochemical and microstructural aspects of the
electrolytic deposition of a ceramic oxide (ZrO;) from an ionic
aqueous electrolyte.

Study of electrophoretic surface deposition and penetration of
low—expansion ceramic materials such as Al;TiOy and HfTiO4. The
interest in these coating materials stems from their anticipated
compatibility with graphite and C—C substrates from the point of
view of thermal expamsion. However, the anisotropicity of the
expansion of these materials results in microcracking.

Study of multilayer electrophoretic deposition of ceramic coatings. It
has been realized that the complicated problem of C~C protection
may demand application of more than one coating. Therefore the
sequential deposition of 3 protective coating on a low-expansion
microcracked underlayer was studied.

Study of the co—deposition of two oxides by the electrolytic method
(A1;05 + Zr0O3). The effect of deposition parameters on the kinetics,
morphology and composition of the coatings was studied.

Theoretical analysis of the penetration of a ceramic particle into a
closed pore.

Singie and multilayer coating of graphite and C~C specimens,
sintering of coatings and study of oxidation protection afforded in
continuous and sequential exposure to high~temnperature oxidizing
conditions.

Coating of shaped objects (exhaust nozzles) and testing of their

oxidation and wear resistance,




Deposition and impregnation experiments were carried out on two

kinds of substrates:

- Porous graphite UCAR Grade 45 with 3 48% volume porosity and 60u
average pore size. This material served as a2 model material for C—C
and has the benefit of more accurate characterization and therefore
better reproducibility of results is expected.

- A 2D carbon—carbon composite received from the Philips Lab. at
Edwards Base. The ceramic powders used in the electrophoretic
deposition studies were:

- A submicron colloidal SiO4 — Pyrogenic Aerosol with a specific
area of 450 m3/g.

- SigN, with a particle size in the range of 0.2-0.7u supplied by
the Israel Ceramics Institute. This powder contains a sintering
additions of 6% Y30,.

- SiC with a particle size of < 40 u supplied by the Israel
Ceramics Institute.

- Fused SiOj, 140y supplied by the Israel Ceramics Institute.

- Al TiOs of two kinds was used. One was supplied and
prepared by the Israel Ceramics Institute with a 5% BaCO,
additive and an average particle size of 1.4y. The second kind
was supplied by the Institute fur Gesteinhiittenkunde, Aachen
with a 5% additive of SiO,.

- HfTiO, was acquired from Cerac Corp. with an average
particle size of 70 .

- BN Grade B-50, H. Starck, Berlin

Specimens were 20x20x7 mm and 16x89x7 mm. They were ultrasonically




cleaned in ethanol for 5 min prior to coating. After deposition the specimens
were dried in air for 5 min and then at 200° C for 1/2-1 hr.

Most electrophoretic deposition experiments were carried out from
suspensions in isoprapanol and water. For the study of the effect of solvent
properties on penetration, ethanol and pentancl were also used. The
deposition was carried out at constant voltage with the electric field intensity
varying between 5-300 v/cm. Particle concentrations were 3—250 g/¢ and
deposition times varied between 30 sec — 120 min.

The amount of impregnated material was determined by weight
change after removal of the external deposit. In some cases this was
determined by weighing the residue after burn—off of the graphite at 500°C
for 20 hrs.

The composition and morphology of the deposits were studied in
cross—sections of the coated specimens in 2 Jecl—840 SEM equipped with an
EDS analysis unit. In case of "green" deposits specimens were infiltrated
with an epoxy resin (Epofix—~Struers) and cured for 10 hrs prior to sectioning.
Cross—sections were prepared by cutting with a lathe at 800 rpm. In some
experiments the cross—sections were polished. X-—ray diffraction of the
coatings was carried out with a diffractometer Philips Model RW-1820, 40
kv, 40 mA, scanning rate 0.45° /min.

Sintering of coatings was done in air, nitrogen or argon, for 15 min —
4 hrs at 1100°C ~ 1650° C.

The electrolytic deposition studies included deposition of ZrO; from a
0.1M ZrO (NOj); aqueous solution. The co-deposition of ZrO; + Al;Os was
carried out from solutions containing both ZrO (NOj); and Al(NOj)y of

varying concentrations. The deposition was done at constant current with




c.d.’s in the range of 15~100 mA/cm? and durations of 20 sec—60 min. The
deposits were heat treated at 400, 600 and 900°C for 1 hr while the
co—deposits were treated for 1 hr at 1200°C. The microstructure was
characterized by optical and scanning electron microscopy and the phase
content was determined by x—ray diffraction.

The oxidation experiments were carried out with single (Al;TiOy,
SisNy) as well as with multilayer coatings (Al,TiOs + SigNy, SiO; + SigNg,
BN + SigNy).

The coated specimens after sintering of the deposits were exposed in
an oven at 830°C. In some experiments the exposure was continuous for 7
hrs while in others sequential 1 hr exposures up to a total of 7 hrs were
repeated. In each case cooling was in the air. Weight losses were recorded
and metallographic cross—sections prepared before and after exposure and

studied in the SEM.

Results

- Electrophoretic deposition of all the ceramic materials studied so far,
both on graphite and C—C was ottained following the charging of the
particles and their displacement under the influence of the electric field.
Some particles (e.g., SiO,, SiC) acquired negative charges in isopropanol and
therefore deposited on the anode while others (SigNy, Al;TiOs) deposited on
the cathode.

- In addition to surface deposition, *he induction of the ceramic
particles into the pores of porous graphite was demonstrated qualitatively for
all the materials and was studied quantitatively for colloidal SiO;. The
penetration of the S5i0O; into the substrate was demonstrated by x~ray

mapping of Si on cross—sections of coated specimens. It was found that in




the specimen with higher SiO3 contents, a skeleton of SiO; of the same shape
and dimensions as the original specimen remained after gasification of the
graphite. The cross—section of this skeleton showed that the whole
cross—section of the graphite was impregnated.

- The existence of an electroosmotic effect was demonstrated by the
enhancement of pore filling by water and propanol in the presence of the
electric field.

The theoretical analysis enables to predict the penetration depth of a
ceramic particle inside the porous substrate under the influence of the
electric potential gradient. It also enabled to derive the non—dimensional
parameters that affect the particle motion. It was thus deduced that the
parameters which affect most the particle penetration are the Peclet number
(Pe) and the Damkohler number (A):

_Ub _ (U + U*P
pe = Ip = (g0

-3
where
U- ~ electrophoretic velocity
U’ - electroosmotic velocity
b -~ pore mean radius
D -~ diffusion coefficient

k - local deposition rate

Large Peclet numbers and small Damkohler numbers enhance penetration.
Thus, deep penetration (over hundred pore diameters) can be achieved for
very low deposition rates (A < 0.1) and for very high Peclet numbers (Pe >

100). Deepest penetration is obtained for A = 0 which can be achieved if a




repelling force between particles and pore walls would exist. Electroosmosis
increases the Peclet number and thus penetration. The diffusion coefficient
of the particle has a dual effect: its decrease increases the Peclet number, but
it also increases the deposition rate. The theoretical analysis also indicates
how the penetration can be controlled by selection of solvent properties,
particle size and concentration and electric field strength.

The dispersion around the mean penetration depth is large for small
Damkohler numbers and grows almost linearly with Peclet numbers. Thus,
an almost even spread can be achieved for the same values which will bring
about deep penetration. This result is a very favorable outcome for
electrophoretic coating methods.

Comparison with the result we obtained for the open pore structure of
the substrate reveals that penetration depths for closed pores is smaller
whereas dispersion in the latter is larger provided electroosmosis exists.

Experimental studies of the effect of solvent and deposition
parameters on particles carried out with colloidal SiQ; showed that as
predicted theoretically, an increase in the ¢/7n ratio of the fluid enhances
penetration. Thus, it was found that the amount of induced SiO, was 10
times larger for water (¢/n = 81) than for pentanol (¢/n = 4.2).

It was found that the electric field has a dual effect on the extent of
particle penetration. Due to increase of the particle velocity and Peclet
number with field strength, penetration is enhanced by it. However, the field
also enhances the buildup of an external deposit on the substrate, which
blocks penetration. Therefore, there exists an optimal field strength, its
value decreasing with increased particle concentration, because of faster
buildup of the external coating at higher concentrations.

Penetration increases with particle concentration both in water and




propanol. At low field strengths (5 V/cm) the relationship is linear for the
range of concentrations studied.

Penetration increases with deposition time, but reaches a plateau
after a period which depends on solvent concentration and field strength.
The fact that the plateau is reached before full impregnation of the pores is
probably due to the blockage by the external coating. Thus, the extent of
penetration could be increased if a way is found to prevent surface
deposition.

Impregnation and coating with low—expansion ceramics was studied
with Al;TiOs and HITiO4 particles. In contrast to SiO2 particles, it was
found that both Al,TiOs and HfTiO4 deposit on the cathode both from water
and propano! suspensions. The positive charge on the particles indicates a
high isoelectric point since the pH of these suspensions was determined as 8.1
in water and 6.2 in propanol. As in the study of SiQ, deposition, it was
found that penetration of Al;TiOs into the porous substrate is higher in
water than in propanol. However, the addition of x 20% propanol to the
water leads to a maximal penetration probably due to better wetting of the
graphite as demonstrated in simple wetting experiments. About 6% of
substrate weight of Al;TiOs were induced into the pores at 100 V/cm, 30 g/¢
after 60 min. The surface deposition, however, is both higher and
morphologically better in propanol due to a lower fraction of penetrated
material and lower H; formation on the cathode.

It was thus concluded that for optimal coverage and penetration a two
stage process would be employed: impregnation from an aqueous solvent with
20% propanol for relatively long duration (60 min, 75~100 V/cm) and
coating in propanol at higher field (200 V/cm) and shorter duration (= 2
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min.) It was shown that impregnation increases with field intensity and
deposition time.

The feasibility of subsequent deposition of two different layers of
materials with zeta potentials of the same polarity was shown for SisN¢ on
Al;TiOg (cathodic deposits) and SiC on glass ceramic (anodic deposits). The
deposition is carried out by transferring the coated substrate from the first
suspension into the second to continue the deposition of the second material.
Cross—sections of the two layers were prepared after impregnation.
Elemental analysis and Si and Ti x—ray images were performed in the SEM
and the existence of the two layers shown. However, penetration of the
SizNs and SiC into the first layer was observed. The layer thickresses
obtained in these experiments were in the range of 150-300 p.

The sintering and oxidation experiments gave the following results:

HfTiO( coatings disintegrated after sintering and no viable
undercoating was obtained.

Sintering Al;TiO;s coatings at 1650°C in N; resulted in adherent
coatings which, however, decomposed partially into Al1,03 and TiO,.

SisN¢ coatings were obtained by sintering at 1650°C in N;. Uniform
and adherent coatings were obtained with extensive anchoring in the pores
and voids of the substrate. Interaction with the substrate took place
resulting in SiC and Si formation.

Sintering of SijN4 coatings deposited on an underlayer of Al,TiOg
resulted in dense SiaN4 layers reaching the substrate through a discontinuous
layer containing Ti. An even disttibution of Al was seen in the entire.cross—
section.

Adherent coatings of SisN4 on fused SiO; were obtained with

anchoring in the substrate. Horizontal and vertical microcracks are seen in
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the coatings after sintering.

Impregnation of BN into the pores prior to Si;N, coating was
attempted. Since both B and N are not visible in the EDS~SEM no evidence
of penetration was seen except for weight gain after impregnation.

Shaped objects, exhaust nozzles and casting crucibles, were coated
with SigN¢ + AlTiOs and SiaN¢ + SiO;. Uniform internal and external
coatings were obtained using shaped electrodes.

Oxidation experiments were carried out by recording the weight loss
dering continuous and repeated exposures of 830°C. Best results with
graphite specimens were obtained with the SisN4 + Al TiOg system where in
some cases nil weight loss was recorded after 7 repeated 1-hr exposures, a
regime that exposed the specimens to repeated thermal shock. No beneficial
effect of an underlayer of fused SiO, or BN was found in laboratory
specimens when compared with SizN4 only. However, very good results were
obtained with an underlayer of SiO2 on exhaust graphite nozzles under
specific testing conditions.

On C-C specimens low weight losses were obtained with SisN4 and
SigN¢ on Al TiO; in continuous exposure experiments. In most repeated
exposure tests high weight losses were recorded. However, in some
experiments Si3N4 coatings gave low weight loss. The irreproducibility of the
results in both materials and in particular in the case of C—C may stem from
a major defect in the coating formed on the location of the holder during
deposition. Although repeated depositions were made this problem may not
have been solved completely and should be elaborated in further
experiments. | ]

The electrolytic route of obtaining ceramic oxide coatings on graphite
and C—C was studied for deposits of ZrO; and co—deposits of ZrO, and
AL, '
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ZrO; coatings were deposited from an aqueous solution of ZrO(NOj),.
A two—step mechanism is suggested for the ZrO; formation; generation of
hydroxyl ions (OH™) at the cathodic substrate by reduction of NOs and
dissolved O3, and then reaction of the bydroxyl ions with zirconyl ions
present in the solution to form the hydroxide Zr(OH)4, which in turn
decomposes on drying to yield zrconia (ZrO,). Faradaic efficiencies of
20-50% were found, attributable to reduction reactions that do not produce
hydroxyl ions, as well as to formation of the hydroxide at sites removed form
the cathodic substrate due to diffusion of the hydroxyl ions. The effects of
current density, time, and hydrodynamic conditions on coating weight, cell
voltage, temperature, and pH of the solution were studied.

As expected, it was found that coating weight increases with c.d. and
time, while stirring of the electrolyte caused a significant reduction of
deposition rate, probably by facilitating migration of OB~ from the cathode
into the bulk of the solution so that the hydroxide formed does not
accumulate on the cathode. Cell voltage and temperature of the solution
increased with increase in c.d. and time, as a result of the formation of the
non—conductive deposit characterized by a high ohmic resistance. pH of the
solution as measured in the bulk is reduced at high c.d. due to the generation
of HY by the anodic reaction and use of the OH™ formed at the cathode in
the Zr(OH), formation.

The initial coating is a zirconium hydroxide gel with an amorphous
character. Microcracks develop in the coating during drying due to tensile
stresses associated with non—uniform contraction. Firing of the coating led
to its crystallization into ﬁne, equia;:ed submicron particles of monoclinic
and tetragonal polymorphs of zirconia. Calculation of crystallite sizes by
reflection broadening, indicated them to be 2 nm after treatment at 460°C

and 12 nm when fired at 600°C {for 1 hour. Under these condition§ the
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polymorphs were undistinguishable. Firing for 1 hr at 800°C resulted in
distinct crystallites of both phases, 20—25 nm in size. The volume fractions
were 15% and 85% for the tetragonal and monoclinic phases respectively.

The co—deposition of two oxides by an electrolytic process from
aqueous solutions containing salts of both cations Al(NO;)s + ZrO(NOs),
was demonstrated and studied for Al;Os + ZrOj deposits. Prior to that the
deposition of Al;0; was studied.

During deposition of Al20y the cell voltage rises steeply as a resuit of
the build-up of the hydroxide with a high ohmic resistance. At a certain
stage further growth of the deposit is enabled by local breakdown of the film
creating new sites of reduction. A more gradual rise in cell voltage takes
place when Al;O; and ZrO, are co-deposited indicating a change in the
dielectric properties of the co—deposit.

The as—deposited coatings are amorphous and after a hea{—treaiment
at 1200°C for 1 hr became crystalline exhibiting phases of aAl;O; and
tetragonal ZrO, It was shown that the atomic ratio of Al/Zr in the deposit
can be varied by varying this ratio in the solution. The Al(OH)j; is, however,
preferentially deposited probably due to the higher diffusion coefficient of
Al3* as compared to that of ZrO,2*.

Improved coating morphology and maximum thickness was obtained
by applying a pulsed current for deposition. This effect can be explained by
the creation of mew nucleation sites for deposit formation during current
intermission decreasing thus the cluster size.

The present work demonstrated the potentialities of the electrolytic
method for production of si'ngle ceram}c oxide deposits as well as co—deposits
of two oxides. Control of thickness as well as of cofnposition can be achieved
by control of deposition and solution parameters. However, further studies of
the drying stage are necessary in order to achieve sound and cracl;—{ree

coatings.
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Summary and Futare Work
The present project has laid the experimental and theoretical

foundations for a technology aimed at protecting carbon—based porous
materials from oxidation at elevated temperatures. This is achieved by
electrophoretic impregnation and deposition of an unlimited variety of
ceramic materials. The basic advantages of this technology as compared with
existing ones are:

- The possibility to deposit any type of ceramic material including
materials that cannot be deposited by other coating techniques such
as CVD.

- The possibility to induce the ceramic material into pores and cracks of
the substrate to improve adhesion of coating and overall protection.

- High coating rate

- The possibility to c. :t complex shapes.

- Low cost of equipment and operation.

Two specific coating systems were studied in specimens and demonstrated on

shaped products — exhaust nozzles and crucibles. These systems are coatings

of Si3N¢ on Al;TiOs and on fused SiOs. Also coatings of SisN¢ only were
studied on specimens. The coatings were sintered and their oxidation
protection studied at one set of conditions.

The feasibility of producing single and multi-layer coatings and
impregnation, their sirtering and achieving oxidation protection has been

proven.
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However, more experimental work should be done to optimize and

finalize this technology. This work should include the following

investigation:

Testing of additional single and multi-layer coating systems for
further optimization of the oxidation protection.

Optimization of coating thicknesses.

Study of geometrical parameters for shaped body coating.

Procedures for preventing defects in coating due to use of holder.

Scale—up of process.
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1. Introduction

This report covers the last research period of this project which
concentrated on the sintering of coatings and testing of the oxidation
resistance of the coated specimens. Experiments were carried out on
graphite and C—C specimens and in the final stage, deposition on shaped

objects was carried out. Those were graphite exhaust nozzles and crucibles.

2. Maternials and Methods
a) Substrates

Two kinds of substrates were used, a porous graphite and carbon—carbon
composite:
— Porous Graphite UCAR Grade 45. Porosity 48% and an average pore
size of 00u.

- 2D Carbon~Carbon (received from the Phillips Lab. at Edwards Base)

b) Ceramic Materials
— Al,TiOs prepared at the Israel Ceramics Institute with 5% BaCOj added

for sintering enhancement. After attrition milling the average particle
size was 1.4y

— AlLTiO; — bioceramic submicron powder with 5% SiOj from Institut far
Gesteinshittenkunde, Germany.

— SisN4 LC12 was acquired from Alfa Corp. and prepared at the Israel
Ceramics Institute with 6% Y,0; added for sintering enhancement. The
average particle size was <0.7u.

—~ HITiO4 was acquired from Cerac Corp. and had originally an average

size of 70u.




C.

d.

Fused SiOj (1—40p) supplied by the Israel Ceramics Institute.
BN - Grade B—50, Hermann C. Starck, Berlin.

Specimens

Specimen dimensions were 16 x § x Tmm.
Nozzles: ¢60mm, height — 60 mm.
Crucibles: ¢60 mm, height — 80 mm.

Deposition parameters

Electrophoresis was carried out from suspensions of respective particles

in aqueous and non—aqueous solvents, and mixtures of the two solvents.

Suspensions were prepared by wet milling for 3 hours in a ball mill,

sonicating for 5 min. Stirring was applied during deposition and penetration.

Deposition electric field was — 5v/cm ~ 300v/cm.

Particle concentration — 30 g/{~ 100 g/¢

Solvents — isopropanol and water after deionizing

Temperature — room

Current — 0.1 — 100 mA (current fell during experirents due to
build—up of deposit)

Deposition time — 15 sec — 60 min

Counter electrodes — stainless steel

Distance between electrodes ~ 15 mm

Specimen Preparation
The specimens were cleaned ultrasonically in ethanol for 4 min prior

to coating and twice for 4 min after sintering of coating.

Sinteri

Sintering was carried out at temperatures 1400°C — 1650*C for




45 min — 4 hours in an Ar or N, atmosphere. Cooling was in the
furnace. The specimens were immersed in a powder of SiyN during the
sintering. Prior to sintering the deposits were dried at 200° C for 20 min.
Testing of Depasits

For quantitative determination of the deposited material, specimens
were weighed before deposition, after deposition and after sintering of
the deposit. The amount of impregnated material was determined by
weight change after removal of the external deposit. The oxidation
experiments were carried out with SisN4 as well as with multi-layer
coatings (Al;TiOs + SisNy, BN + SigN¢ ; SiOz2 + SisN4). The coated
specimens, after sintering of the deposit, were exposed in a furnace at
830°C. In some experiments the exposure was continuous for 7 hours
while in others sequential 1 hr exposures up to a total of 7 hrs were
repeated. In each case cooling was in the air. Weight losses were
recorded and metallographic cross—sections prepared before and after
exposure.

+he morphology and composition of deposit were studied by optical
and electron microscopy with a JEOL 840 SEM and the phase content
was determined by X-ray diffraction. For study of cross—sections, the
coated specimens after sintering and oxidation were covered with an
Epofix (Struers) resin and cured for 10 hrs at room temperature. Then
the cross—section was prepared by cutting with a lathe at 800 rpm. The

cross—sections of some specimens were polished.




3. Results and Discussion

The first steps of this research period concentrated on the deposition of
ceramic materials with low expansion coefficients — HfTiO4 and Al,TiOg (see
Fig. 1). This property is important to minimize crack formation during
sintering and use. It was clear that an additional coating will have to be
applied later since both materials have anisotropic expansion properties and
therefore microcracking will take place.

The deposition conditions were defined on the basis of the previous work.

3.1 HITiO4 Coatings

The H{TiO, powder was deposited on the cathode at the following
conditions:

particle conc. — 30 g/¢

field intensity — 300 v/cm

time — 30 min

fluid ~ propanol
Following deposition the coatings were dried and sintered. In order to
determine the sintering conditions a dilatometric test was performed on the
HITiO powder (Fig. 2). This test showed a strong shrinkage (18%) in the
temperature range 1000-1550°C. A body was prepared, sintered at 1550°C
for 3 hrs and tested. The density was found to be 5.6 gr/cm?, open porosity —
0.3% and water absorption — 0.05%. An X-ray diffraction test showed the
characteristic peaks of the HfTiO, with a small concentration of other
crystalline phases. In view of the above results it was decided to sinter the
HITiO¢ coatings at 1650°C for 1.5 hrs in N so as to ensure complete
sintering. However in all experiments the HfTiO4 coatings disintegrated and
fell off the substrate. X-ray diffraction of the coated surface after sintering
did not show any evidence of H{TiO,, HfO, or TiO,. ‘
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32 ALTiOs Coatings

Al,TiOs was deposited both on graphite and C—C specimens (Fig. 3).
The cathodic deposition was carried out in two stages based on the previous
work. The first stage was performed so as to secure impregnation of the
pores and the second for surface coating.

First stage:

particle concentration — 30 g/

field intensity — 75 v/cm

deposition time — 60 min

fluid — water with 20% propanol

Second stage:

particle concentration — 30 g/!

field intensity — 100 v/cm

deposition time — 15 sec + 15 sec (change of holder position)

fluid — propanol
Fig. 4a shows a coated specimen after deposition and 4b shows the
cross—section of an uncoated and coated porous graphite specimen. An even
external coating is obtained and impregnation of the cross—section is seen.
Results of a dilatometric test of the Al;TiOs powder is seen in Fig. 5.
Shrinkage of the specimen which indicate sintering, took place in the
temperature range of 1100 — 1400° C and it was ~ 18%.

Coatings were sintered at first at 1400°C for 3.5 hrs in Ar. However,
they did not adhere to the surface, their color was nonuniform and X -ray
diffraction indicated partial decorposition into Al;04 and TiQ,. Sintering
at 1650°C for 1.5 hr in Nj resulted in an adherent coating with dark and
light gray areas. X-ray diffraction patterns of the light and dark areas are

given in Figs. 6 and 7 respectively. Partial decomposition is seen in both
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a) coated specimen
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b) Cross—sections of uncoated

Fig. 4: Al;TiOs coating on graphite before sintering
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cases with stronger decomposition in the dark areas where in addition to
TiO, also TiO and TisO; appeared. According to the literature Al,TiO; is
unstable in the range of 700—1300°C. But additions such as MgO reduce
significantly the degree of decomposition. Attempts to deposit Al;TiO; with
5% MgO failed. No electrophoretic deposition took place. Therefore, all
experiments were carried out with Al,TiOs + 5% BaCOj as a sintering
additive. In the last stages a powder with 5% SiO; was obtained from

Germany and deposited.

3.3 SisNi Coatings

The coatings were obtained on the cathode at the following conditions:
particle concentration — 100 g/¢
field intensity — 100 v/cm and 50 v/cm
deposition time ~ 15~60 sec. |
Coatings were obtained in single and multi—layers with and without drying
in between layers (Fig. 8). Initial sintering was done at 1600° C for 2.5 hrs in
N;. The coatings did not adhere to the substrate (Fig. 8a). Therefore
sintering temperature was raised to 1650°C and time shortened to 1.5 hrs.
These coatings were adherent (Fig. 9b); bhowever, their color varied from
dark grey to green and black. X-ray diffraction of these coatings is given in
Fig. 10. In addition to fSisNy, aSiC, 4SiC and Si were found. These resulis
indicate an interaction between the coating and substrate to form SiC and
formation of Si.
Cross—sections through a graphite specimen coated with two layers
(50 v/cm, 15 + 15 sec) of Si3N¢ after sintering are seen in Fig. 11 and at
larger magnifications in Fig. 1 2. The coating is relatively uniform and

anchoring in the pores is seen.
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Fig. 8: Si3N4 Coating on C~C befcre sintering




a. at 1600°C for 2,5 hr

b. at 1650° for 1,5 hr

Fig. 9: SiyNy4 Coating on C-C after sintenng at
different temperatures and time in N
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Fig. 12: Cross—sections of grgphite specimen,
coating conditions as in Fig. 11
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A specimen coated with six layers (50 v/cm, 15 sec each coating) after
sintering before and after oxidation for seven 1-hr repeated exposures at
830°C is seen in Fig. 13. A cross—section through the specimen after
oxidation and Si mapping of the cross—section are seen in Fig. 14. The
coated specimen which had a coating of a total thickness of 80u lost 6.1% of
its weight during the oxidation.

The cross—section of a C—C specimen coated with SigN¢ at 50 v/cm by
two layers (15 sec each) after exposure at 830° C for seven 1 hr exposures is
seen in Fig. 15. This specimen lost 7.5% during the exposure. A dense
coating which penetrated into cracks and voids of the substrate is seem.
Another C—C specimen coated and sintered is seen in Fig. 16. A longitudinal
crack in the coating is seen.

In some cases catastrophic oxidation of the coated specimen took place
and caused weight loss up to 38% within 7 x 1 hr exposures at 830°C. This
was caused by flaws in the coating such as cracks (Fig. 17e) and
discontinuity {Fig. 17 b and c). This specimen had 6 layers 15 sec. each.
Thus the increase in number of layers and overall thickness was not

beneficial.
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a. SigNy coating, six layers on graphite — 50 v/cm, 15 sec.

b. Above specimen after 7 hrs of repeated 1-hr exposures at
830° C. Weight loss 6.1%

Fig. 13: Si3N4 coating after sintering
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Fig. 15a: Cross—section through C~C coated with
SisNy at 50 v/cm, 15 + 15 sec after oxidation
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Fig. 15b: X—ray mapping of area seen in 152.
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34 SiNion ALTIO: Coatings
SigN, was deposited on an underlayer of Al,TiOs. The condition for
deposition of Al;TiOs (with two kinds of sintering additions — 5% BaCOj or
5% SiO3) were as follows:
~ stage I (impregnation):
ilwia —~ 20% propanol in water
concentration — 30 g/
field intensity — 75 v/cm
time ~ 60 min
Stage II (external coating)
fluid - propanol
concentration — 30 g/¢
field intensity — 100 v/cm — 200 v/cm
time ~ twice 1-2 min (change of holder position)
In some experiments 20 m{/{ of 85% H;PO, were added to the propanol in
order to obtain cementation of the Al,TiOs deposit. This helped to maintain
the integrity of this layer during the deposition of the SisN4. Under these
conditions the deposit formed on the anode indicating absorption o” PO, ions
on the particles.
Stage III — SizN coating:
fluid — propanol
concentration — 100 g/¢
field intensity — 50~100 v/cm
time — twice 1530 sec
A macro view of C-C and graphite specimens coated with Si3N4 on top of
Al,TiOg is seen in Figs. 18 and 19. A cross—section through coated graphite

in the “"green" state is seen in Fig. 20. X-ray mapping of Ti shows its
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Fig. 18: C—C specimen coated with SisN¢ + Al TiOs before sintering
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Fig. 19: Graphite specimen coated with SisN4 + Al,TiO; before sintering




&
>
-
{

"

X~ray Ti

“

w)
Sy
o
™ o™
o
.5
[
oY

nr
=Sl ]
w
g
gzw
s Ea

=]
5
TES
©

mvg)
Bo 3
own B
o )Cx
g

& o
g a5
92 o&
O B
e0n0u
-~ B
%/m
rgp
COO
587

)
R
=5)
MR

K e’

(




29

presence in a uniform underlayer with "pegging"into the pores of the
substrate. Si—mapping shows its massive presence in the upper layer but
also a smaller amount is present in the underlayer indicating the penetration
of SigN4 particles into the pores of the Al,TiOs layer.

Sintering of the coating was performed as before at 1650°C 1.5 brs in Nj.
The sintered coating has an uneven dark grey color. Figs. 21 and 22 show
sintered specimens. X—ray diffraction pattern of the sintered coating is seen
in Fig. 23 indicating formation of SiC through interaction of SizN4 with the
substrate and decomposition of the Al,TiOs. Cross—sections through the
sintered coating in graphite are seen in Figs. 24 and 25. A dense layer of
Si3N4 reaching the substrate is on top of a Ti containing layer (TiO,?).
X-ray mapping of Al shows it to be distributed through the entire coating.
Cross—section through a C~C coated specimen and its mapping are seen in
Figs. 26 and 27. The distribution of the elements is similar to that in the
coating on graphite. Local microanalyses in the middle of the coatings and
near the substrate are seen in Fig. 28 a and b, respectively. Cross-—sections
through a graphite coated specimen after oxidation at 830°C for 7x1-hr
exposures are seen in Fig. 29. An adherent intact coating is seen on the
whole periphery of the specimen. Indeed the weight loss of this specimen was
nil. The presence of Ti in the pores of the substrate is shown by

microanalysis in Fig. 30.

3.5 SiaN¢ on Fused SiO, Coatings

The underlayer of fused SiO; was obtained at the following conditions:
particle concentration — 100 g/¢

field intensity — 5 v/cm

time — twice 2 min (in between drying at 200° C for 30 min)

fluid — water
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Fig. 21: Si3Ng¢ + ALTiOs coating on C-C after sintering
at 1650°C for 1.5 hr in N,

Fig. 22: SisNg + ALTiOs coating on graphite
after sintering at 1600°C for 2.5 hrs in Nj
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Fig. 23: X-ray diffraction of sintered Si;N on Al;TiOs coating
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Fig. 24 Cross—section of double layer deposit of
SisN4 + Al,TiOs on graphite on different areas
and different magnification
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Fig. 26: Cross—section of C-C composite specimen coated
with SijNg¢ + Al;TiOs after sintering
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Fig. 27. X-ray mapping of area seen in Fig. 26
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The SisN coating was deposited at 50 v/cm for 15 + 15 sec. Sintering of the
coating was as mentioned before. The overall thickness of the coatings was
110-150p. The X-ray diffraction pattern after sintering is seen in Fig. 31.
As in the system SizN¢ + Al;TiOjs interaction with the substrate resulted in
SiC formation as well as metallic Si is formed. As expected peaks of SiO;
and SisN4 are seen. Fig. 32 shows a cross—section through the sintered
coating. Fig. 33 shows cross—sections through the coating after a3 4-hr
exposure at 830°C. Anchoring of the coating in the pores is seen, however.
Horizontal and vertical cracks through the coating are seen which indeed
impaired the oxidatior resistance (see further). Another example of

anchoring of the coating in the porous substrate is seen in Fig. 34.

3.6 SiaN4 coatings after impregnation with BN

BN particles were induced into the pores of graphite at 5 v/cm, for 60
min at a concentration of 30 g/{in water 4+ 20% propanol. Si;N4 was then
deposited at 50 v/cm, 15 + 15 sec. Sintering was performed as before. No
SEM-EDS photos are available due to the fact that both B and N are not
detected in it. As shown later, no improvement in oxidation resistance was

found.

3.7 Coatings of exhaust nozzles and crucibles

Following the sintering and oxidation experiments a "real" system was
coated and tested. The test was performed on a set of graphite exhaust
nozzles which were coated with Si3N¢ and underlayers of fused SiO, and
Al;TiOg respectively. Prior to the coating of the nozzles experiments were
carried out with the same shapes made of brass. The purpose of this stage

was to determine the deposition conditions and shape of electrodes so as to
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Fig. 31: X-ray diffraction pattern of sintered
SigN4 + SiO; coating
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of graphité specimen coated with
SisN4 on Fused SiO, after sintering
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obtain an internal uniform coating. The inner electrode was a shaped
electrode with a shape that copied the inner space of the nozzle. The coated
brass models are seen in Fig. 35. Following this experiment the graphite
nozzles were coated, sintered, and tested.

Figs. 36 and 37 show the graphite nozzles after sintering. The graphite
nozzles were tested under conditions that simulate an air—breathing engine
that operates at high temperature (2000° C) at an absolute pressure of 6 atm.
with an excess of oxygen — eguivalent ratio of fuel/oxygen = 0.75. The
performance was compared to that of nozzles coated with CVD SiC. The
conclusion of the experiment that lasted 100 sec were that no effect
whatsoever is seen on the nozzles with the electrophoretic deposit. The SiC
coated nozzles performed the same but were exposed for 50 sec only.

Another application was the inner and outer coating of a graphite
crucible used for metal casting. Fig. 38 shows the coated crucible (Si;N4 on
Al,TiOs) prior to sintering. An uniform coating was obtained using shaped
electrodes. Sintering was performed later and soon the crucible will be sent

for testing.

3.8 Oxidation Experiments

The last stage of this work was dedicated to the testing of the oxidation
resistance of coated graphite and C—-C specimens. These experiments led to
some interesting results, however, there were some limitations that did not
allow a2 full assessment of the oxidation protection in some cases. The main
limitation is in the discontinuity "of the coating formed as a result of the
contact with the holder during the deposition. Although efforts were made to
remedy this by repeating the coating while changing the holder position, this

did not always eliminate the defect. Further elaboration of this coating
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Fig. 33 Brass model coated with:
a. SiiNg on Si0-
SiO- — 100 g/f Sv/cm. 2 mmn = 2
SiyNg = 100 g/f 50 viem, 20 soo
b SiaNg on ALTION
ALTiO. - 39 g/(‘, 250 viem. 1.9 mun
SisNy — 10U g/ 50 viom, 00 sex
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Fig. 36: Coated graphite nozzles after sintering
Coating Si3N; on Al TiOs
Al,TiOs — 30 g/¢, 200 v/cm, 1,5 min
SisN¢ - 100 gf, 50 v/cm, 30 sec
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Fig. 37:

Coated graphite nozzles after sintering
Coating Si3N¢ on SiO»

Si0, - 100 g/¢, 5 v/cm, 2 min = 2
SisNg - 100 g/¢ 50 v/cm, 30 sec x 2
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Fig. 38: Coated graphite crucible before sintering
Coating: Si3N4 on Al,TiOs
ALTiOs — 30 g/¢, 100 v/cm, 30 min
SigNy - 100 g/¢, 50 v/em, 30 sec
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method will have to put emphasis on this issue. As a result of this very rapid
failure occurred in some cases while in others including duplicate specimens
very good performance was exhibited. Therefore, only a relatively small
selection of results is presented, while many x;10te were oﬁ:itted. Due to the
limit in time the number of experiments with C—C specimens was smaller
after exhaustive experiments with graphite specimens. The oxidation
conditions as this initial stage, were relatively mild and were determined in
consulting with experts of Wright—Patterson Laboratories.

Tables 1 and 2 summarize the weight losses of the specimens, expressed
in weight percentages, during exposure at 830°C in air. When repeated
exposures were dope they included cooling to room temperature in air and
re-exposure to the oven maintained at the testing temperature. As
reference, uncoated graphite specimens were used. Their complete
gasification took place after 3 repeated exposures. Specimens 4.69 and 4.70
present duplicates of a Si3N4 coating following BN impregnation. The large
difference in weight loss is probably due to the defect in the coating
continuity. The same explanation may hold for the high loss of specimen
4.83 which differs from specimens 4.81, 4.82 and 4.85 in field intensity only.
The high weight losses of specimens 4.86, 4.89 and 4.90 may be attributed to
the fact that the holder position was not changed during deposition. While
this was donme, as in specimen 3.147, a significantly better result was
obtained. SijN4 coatings on fused SiO; gave very high weight losses in all
specimens tested. However, in the nozzle coating tested at different
conditions good results were obtained. Therefore, it is suggested to further
test the merit of this system. _

The best results with graphite specimens were obtained with the SigNy +
Al;TiOg system where in some conditions almost nil weight loss was recorded
after seven (1-hr) repeated exposures which included an element of repéated

thermal shock.
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On C—C specimens only SiyN4 and SisN¢ + Al;TiOg coatings were tested
in view of the poor behavior of SisN4 + SiO; on graphite specimens. The
irreproducibility on these specimens was higher than on the graphite
specimens (see specimens 4.79 and 3.173). However, relatively good
protection was obtained in continued exposure by both coating systems by
two consecutive 15 sec coatings (while changing holder position) both at 50
and 100 v/cm for the Si3N4 coating and (specimen 4.104,4.110 —4.111) and
same coating conditions for Si;Ny on top of a Al;TiOs layer (specimens 4.118
and 4.119). No benefit of the Al,TiOs presence was seen in case of the C—C
substrate. However, this result should be re-evaluated before drawing final
conclusions.

Figs. 39—47 present the weight losses graphically by histograms and
graphs. It should be noted that these curves were drawn on the basis of the
specimen with best performance in each group, which it is believed to
represent the potential of the respective coatings. Figs. 3940 show the
performance of the different coatings on graphite. The drastic difference in
the coated vs. uncoated specimens is seen, as well as the excellent
performance of the SiyN¢ + Al,TiOg system and the limited performance of
the SiyN4 4+ SiOg system.

Figs. 41 and 42 show the behavior of Si;N coatings obtained at different
deposition conditions. They show that the best protection is obtained by two
consecutive depositions (while changing holder positions) at the higher field
intensity (100 v/cm). The beneficial effect of the Al;TiOs under the SizNg
on graphite specimens is seen in Figs. 43 and 44. The seemingly detrimental
effect of the SiO; underlayeAr is seen in- Figs. 45. Fig. 46 shows the effect of
deposition conditions of SisN4 on C—C on oxidation protection. The coatings
were obtained at two field intensities (50 and 100 v/cm) during 15 + 15 sec.
Fig. 47 shows the lack of positive effect of the presence of an underlayer of

A1, TiO; on C—C based on specimens 4.93 and 4.95 from Table 2.
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4. Summary and Conclusions

The work presented in this report concentrated on the final steps of the
development of electrophoretic protective coatings for graphite and
carbon—carbon composites. The emphasis was therefore on the sintering of
these coatings and the testing of their protective properties. The deposition
conditions were determined in the previous stages of this project.

The coating systems studied were: Al,TiOs, HfTiO,4, SiaN4, SigN¢ on
Al,TiOs, SisNy on fused SiO; and SigN4 on BN. The Al TiOp and HITiO4
coatings were selected due to their compatibility with graphite and C—C in
terms of thermal expansion. However, it was expected that due to the
anisotropicity of the thermal expansion coefficient microcracking will take
place and therefore additional overcoating will be needed for oxidation
protection.

The HITiO4 disintegrated after sintering and no viable undercoating
could be obtained. Al,TiO; was impregnated and uniformly deposited.
Sintering at 1650°C in N resulted in adherent coatings which however
decomposed partially into Al;03 and TiO; as shown by the X—ray diffraction
pattern.

SizN4 coatings were obtained both in single and multiple deposition
stages. Multiple deposition was done primarily in order to change the holder
position to minimize defects in the coatings. After sintering at 1650°C in N;
uniform, adherent coatings were obtained with extencive anchoring in the
pores and voids of the substrate. Interaction with the substrate took place as
indicated by diffraction peaks of SiC and Si.

SisN4 coatings with underlayers of Al,TiOs; were obtained. Uniform
layers of SigN4 with penetration into the Al;TiOs underlayer formed in the

"green" state. After sintering cross—sections showed dense layers- of SisNy




65

anchored in the substrate with a discontinuous layer of a Ti containing
component below the SisN¢ and an even distribution of the element Al in the
entire coating. Very extensive anchoring of the SiyN¢ coating is seen both in
graphite and C~C specimens. Overall coating thicknesses were up to 88
Adherent coatings of SisN¢ on fused SiO, were obtained with anchoring in
the substrate. Horizontal and vertical microcracks are seen in the coatings
after sintering.

Impregnation of BN into the pores prior to SisNy coating was attempted.
Since both B and N are not visible in the EDS-SEM no evidence of
penetration was seen except for weight gain after impregnation.

Shaped objects, exhaust nozzles and casting crucibles, were coated with
SigN¢ + Al;TiOg and SigNg¢ + Si0,. Uniform internal and external coatings
were obtained using shaped electrodes.

Oxidation experiments were carried out by recording the weight loss
during continuous and repeated exposures of 830°C. Best results with
graphite specimens were obtained with the SigN¢ + Al,TiOs system where in
some cases nil weight loss was recorded after 7 repeated 1-hr exposures, a
regime that exposed the specimens to repeated thermal shock. No beneficial
effect of an underlayer of fused SiO; or BN was found in laboratory
specimens when compared with SisN4 only. However, very good results were
obtained with an underlayer of SiO2 on exhaust graphite nozzles under
specific testing conditions.

On C—C specimens low weight losses were obtained with SizN¢ and SigN,
on Al,TiOs in continuous exposure experiments. In most repeated exposure
tests high weight losses were recorded. However, in some experiments SigNy

coatings gave low weight loss. The irreproducibility of the resuits in both
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materials and in particular in the case of C—~C may stem from a major defect
in the coatirs formed on the location of the holder during deposition.
Although repeated depositions were made this problem may not have been
solved completely and should be elaborated in further experiments.
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ELECTROPHORETIC AND ELECTROLYTIC DEPOSITION
OF CERAMIC PARTICLES ON POROUS SUBSTRATES

L. Gal-Or, $§. Haber, S. Liubovich

Summary of Annual Report

1 July 1990 - 30 June 1991

INTRODUCTION

The present phase of the research project concentrated on the
following aspects:

- Surface deposition and penetration of low-expansion
ceramic materials such as Al,TiOs and HfTi0, on porous
graphite.

- Multilayer electrophoretic deposition of two different
ceramic materials: Al2TiO, and SaNg, as well as glass
ceramic and SiC.

- Electrolytic deposition of a single oxide (Al.03) and
co-deposition of two oxides (Al1,;0,+Z2r0;) from agueous
ionic soltions.

- Theoretical analysis of particle penetration intoc pores

The interest in the deposition of low-expansion ceramics stems
from the intention to apply electrophoretic depositioh for the
coverage and impregnation of carbon-carbon composites with
appropriate ceramic materials so as to prevent its oxidation
at elevated temperatures. AlaTiOg and HEfTi10, are
characterized by low thermal expansion coefficients similar to
that of carbon-carbon . Therefore, their use as coating

materials may provide the neccessary compatibility with the




substrate from the point of view of thermal expansion.
However, it 1is known that the expansion of these materials 1s
anisotropic and therefore microcracking of the coating takes
place upon sintering. It has been realized for some time that
the complicated problem of carbon-carbon protection will have

to be solved by the application of several different coatings.
It was thus considered of great importance to study sequential
electrophoretic deposition of another ceramic material such as
SiaNs on the Al,TiO, as a remedy of the detrimental effect of

microcracking.

The above mentioned studies were performed on the basis of the
conclusions from the previous basic experimental and

theoretical studies of the deposition of colloidal S10,.

The electrolytic deposition of Zro0., studied in the previous
year, was now extended to its codeposition with another
oxide-Al.03. Thus the deposition of Al,0. only was first
studied and then the feasibility of co-deposition was
demonstrated. The effect of deposition parameters on the
kinetics, morphology and composition of the c¢oatings was
studied.

The penetration of particles into a porous substrate assuming
it consists of pores which are <closed at the far end was
analyzed theoretically {an open interconnected porous

structure was considered previously).

EXPERIMENTAL

The electrophoretic and electrolytic deposition was carried
out on porous graphite substrates (UCAR grade 45, 48% volume
porosity average pore size 60 ). Initial experiments waith

C-C were performed on a 2-D composite supplied by the USAF.

Al,TiOs, prepared at the Israel Ceramics Institute, had a 5%
BaCO, addition and an average particle size of 1.4 u. The
HfT10,., was acgquired from Cerae¢ Corp. and had originally an

average size of 70 u.




S1,Ng particles were 1n the range of 0.5-1.0 uw and that of
SiC>40 u. Suspensions of the ceramic particles were prepared
in isopropanol, water and mixtures of the two solvents.
Particle concentrations were 30, 100 and 250-9/1. the electric
field was in the range of 5-300 V/cm and deposition times were

30 sec-60 min.

The amount of impregnated material was determined by wszight

change after removal of the external deposit.

The multilayer deposition was carried out by immersion of the
substrate, coated with the first layer in the suspension of

the second material while still wet.

The composition and morphology of the multilayer deposits were
studied on crossections obtained by cutting coated specimens
that were 1infiltrated with an epoxy resin and cured for 10
hrs. These studies were performed with a JEOL 840 SEM equipped
with an EDS unit.

The electrolytic deposition was carried out from solutions of
0.02-0.2M ALl(NOy) 5 with and without 0.01-0.05M ZrO(NO;3)2-
The deposition was done at constant current with c.d.'s in the

range of 15~60 mA/cm? and deposition times of 20 sec - 40 min.

Some deposits were heat-treated at 1200°C for 1 hr. Morphology
and microcanalysis were studied in the JEOL 840 SEM and phase
content with an x-ray diffractometer Phillips Model PW-1730.

SUMMARY OF RESULTS

In contrast to the Si0,; particles deposited 1in previous
studies 1t was found that both Al.TiOs and HfT10, .deposit on
the cathode both Zfrom water and ipropanocl suspensions. The
positive charge on the particies indicates a high i1soelectrac

point since the pH of these suspensions was determined as 8.1




in water and 6.2 1in propancl. As in the previcus study of

S10, deposition, it was found that penetration of Al,TiO, into
the porous substrate 1s higher in water than in ipropanol.
However, the addition of =20% ipropanol to the water lead to a
maximal penetration probably due to better wetting of the
graphite as demonstrated 1n simple wetting experiments. About
6% of substrate weight of Al,TiO, were induced into the pores
at 100 V/cm, 30 g/1 after 60 min. The surface deposition,
however, 1s both higher and morphologically better in propanol
due to a lower fraction of penetrated material and lower H,

formation on the cathode.

It was thus concluded that for optimal coverage and
penetration a two stage process would be employed:
impregnation from an aqueous solvent with 20% 1ipropanol for
relatively low duration (60 min, 75-100 V/cm) and coating in
ipropanol at higher field (200 V/em) and shorter duration (=2
min). It was shown that impregnation increases with field
intensity and deposition time. The morphology of surface

deposits and impregnated crossections were studied.

The feasibility of subsegquent deposition of two different
layers of materials with zeta potentials of the same polarity
was shown for Si;N, on Al,TiO, (cathodic deposits) and SiC on
glass ceramic (anodic deposits). The deposition 1s carried
out by transferring the coated substrate from the fairst
suspension into the second to continue the deposition of the
second material. Crossections of the two layers were prepared
after impregnation of the specimens with an Epoxy resin and
i1ts curing. Elemental analysis and Si and Ti x-ray 1mages
were performed 1in the SEM and the existence of the two lavers
shown. However, penetration of the S1,N, and SiC 1into the
first layer was observed. The layer thicknesses obtained in

these experiments were 1n the range of 150-300 u.

The co-deposition of two oxides by an electrolytic process
from agueous solutions containing salts c¢f both cations

Al (NO3) 3+ZrO(NO5), was demonstrated and studied for Al,03+2r0O.

deposits. Prior to that the deposition of Al,0, was studied.




b)

The effect of field intensity on the penetration in the
optimal solvent is seen 1n Fig. 4. The penetrataion
increases with field intensity in the range tested
tfurther increase 1in field intensity caused exceasive
heating of the suspension and was therefore not studied).
A deccelerating effect of deposition time on penetration
is seen in Fig. 5.

Figs. 6 & 7 describe the morphology of the coating and
penetration. The surface deposit of Al.TiOs 1S Been 1in
Fig. 6. The coverage is uniform on a macroscale with a
high degree of roughness reflecting the porous surface of
the substrate. It was found that a denser and more
uniform deposgit is obtained in ipropanol at high field
intensities and short deposition times.

A crossection of a penetrated specimen obtained at optimal

penetration conditions compared with a reference untreated
specimen is seen in Fig. 7.

Multilayer Deposition

A schematic description of the multilayer deposition is
given in Fig. 8, A deposit of particles A is formed in
suspension A, the coated specimen 1is removed from the
suspension and while still wet introduced in suspension B.
A deposit of particles B is formed. A more thorough study
of this two-stage deposition process should be done in the
future. So far, two systems were depogited: SiaNs on top
of Al;TiOs and SiC on a glass ceramic deposit. In each
system the zeta potential of the different materials had
the same sign, SiaN, and Al,TiOs deposited both on the
cathode, while SiC and the glass ceramic migrated to the
anode. When couples of materials with opposite zeta
potential were studied, the first deposit migrated away
from the substrate when its polarity was changed so as to
deposit the next layer. Yet conditions can be envisaged
where such two-layer deposition can still be performed and
these will be studied in a future work.

Crossections of the two layer deposits are seen in Figs.
9~12. Fig. 9 shows an optical micrograph of the layer of
AlaTiOs and SisNe as well as an SEM x-ray image of Si and
Ti at a higher magnification. The overall layer thickness
is %350 um. The element Si is seen in both layers with a




much higher density 1n the outer layer (the Si,N,). Its
existence in the inner layer (the Al.,TiO«!) 1is explained by
penetration of some SiaNg into the 1initial porous
(“green™) Al;TiOs layer. The element Ti, however, exists
as expected only in the inner layer. An interesting
feature is the “"pegging” of the inner layer in the pores
of the substrate. The thickness of the SiaNg i8 =200 un
and that of Al,TiOs =150 um. Composition graphs of the
the two layers are seen in Fig. 11 showing again the
penetration of Si into the underlying Al;TiOs layer.

Two anodic deposits are shown in Figs. 11, 12. An 1inner
glass ceramic layer (=300 u) with an elemental composition
seen in Fig. 1lla and an x-ray image characterized by the
eiement K. An outer layer of SiC (=150 u) with traces of
Fe (from the anodel}. The x-ray image (Fig. 12b) shows
agairn the penetraticn of SiC (characterized by the element
Si) into the underlying layer of the glass-ceramic. The
amount of SiasN. deposited on Al.TiO. as function of
deposition time was determined with the intention to study
the effect of the underlying Al2TiOs layer on the
deposition of SiN, (see Fig. 13). It is seen that the
existence of the underlying layer does not affect the
depogition kinetics probably due to the high porosity of
the first layer which is still in the "green
state” .

CONCLUSIONS

A low expansion ceramic material-aluminium titanate (A]laTiOs)
was electrophoretically deposited and penetrated into porous
graphite. The Al.TiOs which is positively charged deposits
on a cathodic substrate at a pH=8.1 indicating a relatively
high isocelectric point. The amount of material that
penetrated was maximal in an aqueous solution of 20%
ipropanol. This composition 1is an outcome of the balance
between the high €/% ratio of water and the improved wetting
of the substrate in the presence of ipropanol.

Penetration increases with electric field intensity in the
range studied and with deposition time. For optimal coverage
and penetration a two stage process should be applied:

- impregnation in a 20% ipropanol solution in water .(at 100
v/em, 30 g/1 about 6% of substrate weight of AlaTiOs 215
penetrated after 60 min.).




- Surface coating in ipropanol at a high field strength
{200 V/cm) and short duration ¢2 min.) .

At optimal penetration conditions the whcle crossection of a
7 mm thick substrate of porous graphite was penetrated.

Multilayer deposition of different ceramic materials 1is
possible by subsegquent deposition from different suspensions
of materials with zeta potential of the same polarity. This
was demonstrated by forming an inner layer of Al,TiOs and an
outer layer of Si;N, (cathodic deposits) as well as an inner
layer of a glass r~eramic and an outer layer of SiC tanodic
deposits). The individual layer thicknesses were 1in the
range of 150-300 u.

In the range of thickrness discussed, the existence of the
underlying "green" layer did not affect the kinetics of
deposition of the external layer.
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SINGLE AND MULTILAYER ELECTROPHORETIC DEPOSITION
AND PENETRATION OF LOW-EXPANSION CERAMICS ON
POROUS SUBSTRATES

L. Gal-Or, S. Liubovich

Institute of Metals - Technion, Israel Institute
of Technology



ABSTRACT

Previous electrophoretic deposition and penetration studies
were further extended to the deposition of a low expansion
ceramic material - Al,TiOs =~ on porous graphite and to
multilayer deposition. 1t was found that the penetration of
Al,TiO. into the pores is higher in water than in propanol.
However, maximum penetration is obtained in a 20% mixture of
propanocl in water probably due to enhanced wetting of the
graphite surface. The surface deposgition ig both more
efficient and morphologically better in propanol. Thus, for
optimal average and penetration a two stage process should be
employed.

The feagibility of subsequent deposition of two different
layers of materials with zeta potentials of the same polarity
was shown for deposition of SiasNs on Al,TiOs (cathodic
deposits) and of SiC on a glass ceramic layer (anodic
deposits). Crossecttions of the two layers in the order of
hundreds of microns were prepared and elemental analysis and
Xx-ray images are shown.




INTRODUOCTION

Basic principles and parameters of electrophoretic deposition
of ceramic particles in the pores of a conductive porous
substrate, were described in two previous publications {1,2].
These reports summarized studies of deposition of colloidal
Si0> from aqueous and nonaguecus SuUSpPengions on pPorous
graphite. It was shown, experimentally (1), that penetration
is enhanced by a high ratio of dielectric constant to
viscosity of the solvent as well as by increased particle
concentration and electric field. At optimal conditions the
whole crossection of the porous graphite substrate was
penetrated and a skeleton of SiO; with the same shape and
dimensions as the original graphite specimen was obtained
after burning off of the graphite. A theoretical analysis
{2] of the penetration enables to predict the penetration
depth as function of two non-dimensional parameters, the
Peclet number (Pe) and the deposition rate ().

Large Pe and low )\ enhance the penetration. In addition to
the above mentioned results the feasibility of deposition of
a variety of other oxide and non oxide ceramic materials
(fused Si0,, S$iC, SiN) was demonstrated.

The present report is an extension of these studies
concetrating on the following two aspects:

- Surface deposition and penetration of a low expansion
ceramic material - AlsTiOs - aluminium titanate on porous
graphite.

- Multilayer electrophoretic deposition which includes
deposgition of two consecutive layers of different
composition: Al,TiOs and SiaN, as well as a glass ceramic
and SicC.

The interest in the low expansion ceramic and the multilayer
deposits stems from the intention to apply electrophoretic
deposition for the coverage and impregnation of carbon-carbon
composites with ceramic materials so as to prevent oxidation
at elevated temperatures. Carbon-carbon (C-C) composites are
of great interest for aerospace applications since they
exhibit excellent high-temperature mechanical stability and
low weight. However, they are characterized by a residual
porosity and low oxidation resistance in air at temperatures
above 500°C [3-5]. Another feature of these composites is
their low thermal expansion coefficient (1-3 x 10-%/°C). The
ceramic protective coating should therefore be characterized



by a low expansion coefficient so as to prevent its cracking
during use.

Al205-TiOz (Al,;TiOs) has one of the lowest thermal expansion
coefficients ag seen in Fig. 1 (6}. Therefore, 1t is a
plausible candidate for the application mentioned above.
However, the expansion of this material is anisotropic and
therefore microcracking will occur when applied as a coating
{7]. The detrimental effect of the microcracking on the
oxidation protection can be remedied by another c¢oating
deposited on the Al.TiOs such as SiiNg.

In addition to the practical interest described above the
study of sequential electrophoretic deposition of different
ceramic materials is of interest for understanding the
process and widening 1its scope. Thus another system {glass
ceramic and SiC) was also deposited.

EXPERIMENTAL PROCEDURE

The deposition and impregnation were performed on porous
graphite - UCAR grade 45 with a 48% volume porosity and an
average pore size of 60u. (The porous graphite serves as a
model material for the C=-C composite). The specimens were
20x20x7 mm. The ceramic materials deposited were:

- Al,;TiOg prepared at the Israel Ceramics Institute with 5%
BaCC, added for sintering enhancement. After attration
milling the average particle size was 1.42 u.

- SiaN4-0.5 u.

- SiC - 600 mesh (<40 u)

- glass ceramic, Ferro-Electronic Grade, lu average size

Suspensions of the ceramic materials in water, isopropanol
and mixtures of the two solvents were prepared, followed by
wet milling for 3 hrs in a ball mill.

The graphite specimens were cleaned ultrasonically in ethanol
for 4 min and then dried at -200°C for 30 min.

Deposgition was carried out at constant voltage in an
experimental set-up described in [1]. The electric field was
in the range of 5~300 V/cm, the deposition time 30 sec - 60
min and particle concentration was 30, 100 and 250 gr/1l.




For quantitative determination of deposited material,
specimens were welghted after drying in air for 24 hrs to 0.1
mg. For determination of impregnated material the external
deposit was removed with a gentle brush prior to the weighing
of the specimen. The morphology and composition of the
deposit were studied by optical and electron microscopy with
a JEOL 840 SEM.

For study of crossections the coated specinmens were first
inpregnated with an Epofix (Struers) resin and cured for 10
hrs at room temp. Then the crossection was prepared by
cutting with a lathe at 800 rpmn.

RESULTS AND DISCUSSION

a) Aluminium Titanate Deposition

Preliminary experiments of Al.TiOs deposition both from
water and isopropanol showed that the particles are
deposited on the cathode as opposed to S$iO. which deposits
on the anode. The surface charge of oxides forms by the
adsorption of protons or hydroxyls to hydroxyl groups
existing on the oxide surface and which act as amphoteric
sites:

H~ OH~
MOH;~ {(— MOH —> MO~ + H:O0

The surface charge, Qf is given by:

Oi= e{(V, - V_.) where

e ~ electronic charge

V. - numbers of positive sites per unit area

V. - numbers of negative sites

At a pH lower than the isoelectric point (i.e.p., the
point at which the zeta potential is zero) the surface
charge i1s wusually positive and at a higher pH the charge
1s negative. . -

The deposition of AlzTiOs on the cathode indicates that
the particles are positively charged and that the
isoelectric point 1is at a relatively high pH. The pH of
the suspension of Al,TiOs in water was measured as 8.1 and
that in ipropanol as 6.2. From literature (8] it is known
that the isoelectric point of 810, 15 at pH=2.5 and that




of Al205 1s at pH=9.1. The 1.e.p. of Al,TiOs 135 probatbly
similar to that of Al;05; and this explains the difference
in polarity of SiO> and Al,TiOs.

From previous studies 11,21 we know that particle
penetration is enhanced by higher Pe numbers:

Uxb (U + U=)xb kb
Pe = = A= — where
D D

o

U* - electrophoretic velocity
v - electroosmotic velocity
- mean pore radius
diffusion coefficient

- local deposition rate

(=]

XX oOU
1

The electrophoretic velocity u* = € pE/4mu.

Therefore in solvents with a higher ratio of €/u the
penetration is enhanced. For water this ratio is 81/1
while for ipropanol it i1s 18.3/2. As expected, the amount
of Al TiOs that penetrated into the porous graphite in
water is higher than that in ipropanol. However, when
mixtures of H20 and ipropanol are considered a maximal
penetration is obtained at a =20% concentration of
ipropanol in water (Fig. 2). Fig. 2 describes the amount
of Al,TiO. (expressed in percentage of specimen weight) as
function of ipropanocl concentration in H3;0 at a field
strength of 75 V/cm after 60 min in a suspension of 30 g/1
of Al,TiOs. The maximum at 20% ipropanol is explained by
better wetting of the graphite as compared to pure H3;0 as
was demonstrated in primitive wetting experiments
performed in different H30: ipropanol solutions. The
surface deposition, however, is both higher and
morphologically better in ipropancl. This can be
explained by the lower fraction of penetrated material as
well as by lower parallel H; formation on the cathode
during deposition from the nonagueous solvent.

From these experiments it may be concluded that
optimization of coverage and penetration of a porous
substrate by electrophoretic deposition, as described 1in
Fig. 3, should be performed in two stages. Impregnation
of the substrate in an aqueous suspension with 20%
ipropanol and coating in a suspension of ipropanocl.




The mechanism of deposition i1s based on the formation of OH~
by a cathodic reduction of NOs- and 02 and 1its subseqguent
reaction with Al~-® and 2r0,"2 to form Al(OH), and Zr(OHl,.

The as~deposited coatings are amorphous and after a
heat-treatment at 1200°C for 1 hr became crystalline
exhibiting phases of aAla0; and tetragonal ZrO,. It was shown
that the atomic ratio of Al/Zr in the deposit can be varied
by varying this ratio 1in the solution. The Al(OH), 1is,
however, preferentially deposited probably due to the higher
diffusion coefficient of Al®~ as compared to that of 2r0.*".

An improval of coating morphology and maximum thickness was
obtained by applying a pulsed current for deposition. This
effect can be explained by the creation of new nucleation
sites for deposit formation during current intermissaion

decreasing thus the cluster size.

During deposition of Al.,O, the cell voltage rises steeply as a
result of the build-up of the hydroxide with a high chmic
resistance. At a certain stage further growth of the deposit
1s enabled by local breakdown of the film creating new sites
of reduction. A more gradual rise in cell voltage takes place
when Al;0s and 2Zr0O; are co~deposited indicating a change 1in

the dielectric properties of the co-deposit.

The theoretical analysis shows that deep electrophoretic
penetration (more than hundred pore diameters) can be achieved
only for small Damkohler numbers A (A<0.2) and for hagh

Peclet numbers (Pe>l0) where:

kb U.xb
A:..._..— Pe =
D D
k - local deposition rate:

b - mean pore radius;

D - diffusion coefficient;




U. - electroosmotic velocity adjacmnt co the pore wall.

The dispersion around the mean penetration depth is large for
small Damkohler numbers and grows almost linearly wath Peclet
number. Thus, an almost even spread can be achieved for the
same values which will bring about deep penetration. This
result 18 a very favorable outcome for electrophoretic coating
methods.

Comparison with the results we obtained for the open pore
structure of the substrate reveals that penetration depths for
closed pores is smaller whereas dispersion in the latter is

larger provided electroosmosis exists.
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Electrophoretic and Electrolytic Deposition of Ceramic

Particles on Porous Substrates

L. Gal-Or, S§. Haber, S. Liubovich
Summary of Annual Report
1 July/89 ~ 30 June/S80

introducti

The present phase of the research project concentrated on quantitative
evaluation of the ceramic particles induced into the porous substrate as a
function of deposition and solvent parameters. This evaluation was carried out
both experimentally and theoretically based on an apalytical model for deep
electrophoretic penetration of particles into porous substrates. In parallel
to the electrophoretic studies, the electrolytic deposition of ceramic
coatings from aqueous solutions was studied from the electrochemical and
microstructural aspects. The four enclosed manuscripts describe in detail the
above mentioned studies. Following, therefore, is a concise description of

the studies and their results.

Experimental

The experimental studies were carried out on porous graphite substrates -
UCAR Grade 45. This substrate has a 48% volume porosity with an average pore
size of 60u. The ceramic particles deposited and induced by electrophoresis
were submicron colloidal S1i0, (Pyrogenic Aerosil) with a specific area of 450
m2/g. The concentrations of the ceramic material in the solvent were 3, 13
and 30 g/{. The solvents in most experiments were water and isopropanol. For
the study of the effect of solvent properties on penetration ethanol and
pentancl were also used. The field intensity was varied between 0-300v/cm and
the deposition time between 5-120 min.

For quantitative determination of the impregnated S$i0Oy, the weight change
of the specimen was recorded, after removal of the external deposit. The
amount of induced SiOy was also determined, in some cases, by weighing the

residue after burn-off of the graphite at 8900°C for 20 hrs.




The electrolytic deposition studies concentrated on the deposition of
Zr0, from a 0.1M ZrO(NO3)nH,0 aqueous solution. The deposits were obtained
at current densities ranging from 15-100 mA/cm? and durations of 10-60 min.
For kinetic studies the coating weights were determined Qith an accuracy of
0.05 mg. During deposition the variation of cell voltage, pH eand temperature
of the solution were measured.

The microstructure of the Zr0y coatings was characterized by optical and
scanning electron microscopy and the phase content was determined by X-ray
diffraction. The microstructural studies were carried out on deposits that
were fired at 400, 600 and 900°C for 1 hr.

Theoretical

The theoretical analysis, at this stage, relates to a single particle
travelling in a pore described as a long circular tube of mean pore diameter.
Three driving mechanisms are considered: the hydrodynamic drag force exerted
on the particle due to the electroosmotic flow of the sclvent inside the pore,
the electrophoretic force exerted on the particle and the stochastic Brownian
force due to thermal fluctustions of the solvent molecules.

Summary of Results

In addition to the formation of surface deposits, electrophoretic
induction of ceramic particles into the porous substrate was demonstrated.

It was found that solvent properties such as the ratio between the
dielectric constant and the viscosity (¢/g) have a significant effect on
penetration. Thus the amount of induced Si0s is ten times larger for water
(¢/n = 81) than for pentanol (e€/9 = 420). Penetration increases with particle
concentration and with deposition time. However, a plateau is reached for the
dependence of induced Si0; on deposition time due to the build-up of an
external coating. Thus the extent of penetration could be enhanced if the
external deposit were constantly removed or prevented. An optimal field
strength exists for particle penetration due to its dual effect. Increase 1in
field strength iacresses the particle velocity but it also enhances the
build-up of the external deposit which blocks penetration.

The theoretical analysis enables to predict the penetration depth of a
cerami¢ particle inside the porous substrate unaer the influence of the

electric potential gradient. It also enabled to derive the non-dimensional




parameters that affect the particle motion. It was thus deduced that the
parameters which affect most the particle penetration mre the Peclet number
{(Pe) and the deposition rate (4): -

_Ub U+ U
Pe_D-( D )

A::k_b.

where:

u’ - electrophoretic velocity
- electroosmotic velocity
pore mean radius

- diffusion coefficient

b~ B~ S ol
{

- local deposition rate

Large Peclet numbers and small deposition rates enhance penetration. Thus,
deep penetration (over hundred pore diameters) can be achieved for very low
deposition rates (4 < 0.1) and for very high Peclet numbers (Pe > 100).
Deepest penetration is obtained for A = 0 which can be achieved if a repelling
force between particles and pore walls would exist. Electroosmosis increases
the Peclet number and thus penetration. The diffusion coefficient of the
particle has a dual effect: its decrease increagses the Peclet number, but it
also increases the deposition rate. The theoretical analysis also indicates
how the penetration can be controlled by selection of solvent properties,
particle size and concentration and electric field strength.
The electrolytic deposition of Zr0Os is obtained through the following
reactions:
a) dissociation of the zirconyl salt:
ZrO(NOg)z = Zr0°** + 2 NOy~
b)  hydrolysis of the zirconyl ion:
Zr0** + Hq0 - 2r(OH)9**
<) interaction of the hydrated cation with OH" ions generated at the
cathode by reduction reactions described further on:
Zr(OH)2** + 20H- - Zr(OH)«
d) dehydration of the hydroxide:
Zr(OH)4 = 2r07 + 2H0




Several cathodic reactions are possible; however, the cathodic
polarization curve indicates that the reduction of NOs- is the predominant OH"
producing reaction. The rate of deposit formation increases with current
density the dependence reflecting the rate of OH™ generation. Faradaic
efficiencies of 40-80X only were obtained attributable to reduction reactions
that do not produce OH- (such as reduction of H*) mas well as to the formation
of the hydroxide at sites removed from the substrate. Cell voltage and
solution temperature increase as the coating process progresses. This 1is due
to the formation of the deposit characterized by a high zlectric resistance.

The initial coating is a Zirconium hydroxide gel with an amorphous
character. Microcracks develop in the coating during drying due to tensile
stresses associated with non-uniform contraction. Firing of the coating led
to its crystallization into fine, equiaxed submicron particles of monoclinic
and tetragonal polymorphs of zirconia. Calculation of crystallite sizes by
reflection broadening, indicated them to be 2 nm after treatment at 400°C and
12 nm when fired at 600°C for 1 hr. Under these conditions the polyworphs
were undistinguishable. Firing for 1 hr at 900°C resulted in distinct
crystallites of both phases, 20-25 nm in size. The volume fractions were 15%
und B85% for the tetragonal and monoclinic phases respectively.

Future electrophoretic studies will include further optimization of
penetration by inhibition of surface deposition. One spproach will be the
application of a low cathodic bias voltage to the specimen.

Following the derivation of optimal process conditions for penetration,
experiments with lower expansion ceramics such as HfTiO4 will be performed.

Further studies on the electrolytic deposition will concentrate on
prevention of cracking of the surface deposit during drying and study and

optimization of in-pore deposition.




ELECTROLYTIC DEPOSITION OF ALUMINA AND
CODEPOSITION OF ALUMINA~ZIRCONIA

L. Gal-Or, A. Sharon

Institute of Metals, Technion - Israel Institute
of Technology

ABSTRACT

Alz05 and Al;0,+Zr0, coatings were deposited on graphite from
agueous solutions containing Al(NOal)a and Al(NO5;)3+2r0(NO;}) 3
salts. The probable mechanism of deposit formation is based
on the generation of OH™ by cathodic reduction of NO,~ and O
and its subsequent reaction with Al*® and Zr0*~ to form
Al(OH)> and Zr{(ORH),. Dehydration of the latter compounds
results in the formation of Al;0. and 2r0,.

Deposition at constant current results in an increase of cell
voltage due to ohmic resistance of the deposit. After an
intial steep rigse . 1in the voltage the slope decreases
significally in spite of further increase in deposit weight.
The latter phenomenon 1is explained by local breakdown of the
deposit creating sites of reduction which enable the

deposition to proceed.

The co-deposition of AlaO,+Zr0>. was demonstrated and it was
shown that the ratio of Al/Zr in the deposit varied with the
same ratio in the solution. o

Deposit weight, phaée content and morphology as function of

deposition parameters were studied.
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INTRODUOCTION

The formation of ceramic coatingg by an electrolytic process
has been first demostrated by Switzer for ééOz {1,2). The
deposition of 2r0, from an agueous zirconyl nitrate solution
was studied in detail from the electrochemical (3) and
microstructural aspects 4). A two-step mechanism was
suggested for the ZrO, formation: generation of hydroxyl {(OH™)
ions on the cathodic substrate by reduction of NO;~ and
dissolved O and the reaction of the hydroxyl ions with the
zirconyl cation to form Zr(OH), which decomposes upon drying
to form ZrO,.

Based on the above mentioned concept of oxide formation, the
deposition of other insoluble oxides and the co-deposition of
different oxides was envisaged. The present study describes
the deposition of Al,;0a from an Al(NO,;); solution and the
co-deposition of Ala0; and Zr0, from a solution containing
both Al(NO3)3 and ZrOi(NO,);. The sequence of reactions for the
co-deposition is expected to be the following:
1) Generation of OH-™:

- Q5 + 2H,0 + 4e —> 40H"

- NOs~ + Ha0 + 2e—> NO;~ + 20H"
2) Dissociation of the salts:

- Al(NO;); —~> Al3~ + 3NO;“‘

- ZrO(NOs)z —> Zr02~ + 2NQO,~ Zr0?~ + Ha0 —> Zr(OH)a2~
3) Interaction of hydroxyls with the cations:

Al*~ + 30H™ —> Al(OH),

Zr(OH) 2~ + 20H- —> Zr(OH),




4) Dehydration of the hydroxides:

231(0H)y —> AlL05 + 3HaLO
2r{(OH)y —> Zr0O, + 28:0

The hydroxides form thus in two successive steps:
electrochemical generation of OHR- and a chemical reaction
between the cations and the hydroxyls. A schematic

description of the co-deposition is given in Fig. 1.

The yield of the deposit depends on the faradeic efficiency of
OB~ formation (affected by reduction reactions that do not
result in OH™ formation such as H*~ + ¢ —> HH + H —> Ha and
the fraction of hydroxide formed at sites removed from the
substrate. The latter parameter depends on the relative
diffusion coefficients of OH- on one hand and that of Al?~ and
Zr(OH) 32" on the other. The ratio of Al;03 and Zr0Os in the
deposit will depend on the relative diffusion coefficientg of
Al*~ and Zr(OH),2* cations which compete for the OH- ions
generated at the cathode, and the solubility constants (K.,)
of the two hydroxides formed. A quantitative analysis of the
kinetics of deposit formation and its composition will have to
take into account all these factors assuming that the
diffusion phenomena are the rate determing steps in the
hydroxide formation. The present paper describes the effect
of electrochemical deposition parameters on the rate,
morphology and composition of the Ala0; and Ala Oy + ZrO,
deposits.

EXPERIMENTAL

Deposits were obtained on grabhite specimens (UCAR45) 2 x 10 x
20 mm. They were polished with a 1000 grit SiC abrasive
paper, then rinsed with ethanol in an ultrasonic bath, washed
with distilled water and dried in air. Electrolytes were:

0.02M - 0.2M Al(NO3)as with and without

0.01M - 0.05M ZrO(NOj3) >
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Deposition was carried out at constant current with a Horizon
Model SR-365 d.c. power supply. Two counter anodes made of Pt
14 x 28 mm were used. Cell voltages and currents were
measured with AVOQ meters. A schematic drawing of the
experimental set-up is seen in Fig. 2. Current densities were
varied in the range of 15-60 mA/cm? and deposition times were
in the range of 20 sec - 40 min. Mild stirring was applied
with a magnetic stirrer during deposition. Polarization
curves were obtalned with a PAR Model 270 potentiostat.
Deposits were dried in air and their weight determined within
an accuracy of 0.05 mg. Some deposits were heat treated at
1200°C for 1 hr in argon. Morphology and microanalysis were
studied with a JEOL SEM Model JSM 840. X-ray diffraction was
performed with a diffractometer Model PW-1730 operated at 40
KV and 40 mA using Cu k-alpha radiation and scanning speed of
1.2 deg/min.

RESULTS AND DISCUSSION

Cathodic polarization curves in an Al(NO,); solution and in a
solution of Al(NO,); and ZrO(NO;), are given in Fig. 3a.,b. 1In
both curves a Tafel region is seen (down to ~800 mV SCE in the
first and -1000 mv SCE in the second solution respectively!.
A limiting current of =10 mA/cm® is seen 1in both curves
setting in at the same potential of -2000 mv SCE. The
similarity in the two curves is a result of the same cathodic
reaction taking place in both systems with the limiting
current being determined by the hydroxide deposit rather than
by the concentration of the NOs~ which is higher in the
combined solution. i

Fig. 4 presents the variation in cell voltage with deposition
time for two current densities. At the higher c.d. (25 mA/cm?)
the voltage increases steeply for the first 3.5 min as a
result of the build-up of th;‘ hydroxide deposit and then
levels off. Yet, as seen 1in Fig. 5 for the same c.d., the

weight of the deposit continues to rise slowly after 3.5 min.




The cell voltage stability 1s explained by the formation of
local breakdowns in the film creating sites of reduction which
enable the deposition process to continue without further
significant increase 1in the cell voltage. The slope of the
deposition curve 1is very high for the fairst 20 secs (30.3
mg/cm?/10gec) and then slows down to about 1710 of that. The
change in deposits rate 1s explained by the fact that at the
beginning the whole susbstrate is conductive and the OH"- ions
form on the entire surface. As the nonconductive deposit
covers the substrate its further build-up depends on the
availability of reduction sites created by the deposit
breakdown. The behaviour of the voltage/time curve at the
lower c.d. (20 mA/cm?) is different, a monotonic increase 1in
voltage takes place for the entire time interval (10 min).
The morphology of the Al,0s as~deposited, is seen in Figs. 6a
& b . A relatively close-packed deposit consisting of
individual clusters is s8een 1n Fig. 6a. A very dense
structure of the individual clusters is seen in Fig. 6b. Two
kinds of defects are alsc seen: microcracks that formed during
the drying stage due to non-uniform contraction of the wet
coating and bubbles attributed to H, formation as a result of
H* reduction. In preliminary studies (to be published later)
with the aim of controlling the drying rate it was shown that
the density of cracks can be reduced significantly when the
drying rate is lowered.

An attempt to overcome the formation of defects and yet to
obtain a thick deposit was made by the use of a pulsed
current. Pulses of' 2 min duration at 25 cA/cm?® were applied
with intermissions of 5 sec {see Fig. 7). A relatively smooth
increase in voltage up to a much higher voltage than that
reached when applying a continuous current (25V vs., =8V) was
obtained. Accordingly, the deposit was thicker and smoother.
This effect can be explained by the possibility of creation of
new nucleation sites for depogsit formation during the current

intermission.

X~-ray diffraction patterns of dry as-deposited coatings and
deposits fired at 1200°C for 1 hr, according to the




recommendation of (5), are seen in Fig. 8. The as-deposited
(dried in air) coating does not show any diffraction pattern
except that of the graphite.

Crystallization of the deposit takes place during the heat
treatment with the formation of a aAl203. The crystallite
size, as calculated with the Scherrer equation (6) from the
line broadening of the 110 reflection, assuming no strain
effects exist due to the substrate, was found to be about

16am.

Deposition from solutions containing both Al(NO3)3 and
ZrO(NO3), was carried out at two c.d. (30 and 60 mA/cm? at
14°C. The dependence of <c¢ell voltage on deposition time is
seen in Fig. 9. A more gradual rise in the voltage takes
place in spite of the higher c¢.d.s when compared with the
deposition of Al20, only {see Fig,. 4). A possible
explanation is the difference in deposit properties as a
result of the presence of Zr(OH),. From our previous work (3)
it can be inferred that the voltage reached prior to breakdown
onset is much higher for Zr(OH),, at the same c.d. and so is
the deposit weight per unit area. The Al(OH)s formse probably
a denser film at lower thicknesses and thus is modified when

Zr{OH), is codeposited.

The phase structure of a combined deposit was studied after
forming at 1200°C for 1 hr. The x-ray diffraction spectrum
shows the presence -of two phases: tetragonal ZrO, and aAl.0;
(Fig. 10). The morphology of the deposit and microanalysis
were studied in the SEM by x-ray imaging of Al and Zr and
local elemental semiquantitative analyses. Fig. 11-12 shows
the x-ray image of Al and Zr in a combined deposit along with
the spectrum and semiquantitative results of the Al and Zr

content.

The relative concentration of the Al2?" and ZrO®~ ions in the
solution is expected to affect the deposit composition. The
latter was therefore studied (in terms of Al/Zr atomic ratios

as function of the same ratio in the solution). Fig. 12 shows




this dependence. It is seen that the relative Al
concentrations in the deposit is much higher than in the
solution, hence the Al(OH),; is preferentially deposited. This
can be explained by the differences in diffusion coefficients
of the two ions Al3®** and Zrogiwith the Al-® having a higher
diffusion rate and, therefore, being more available for the
hydroxide formation.
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Deep Electrophoretic Penetration and Deposition of Ceramic
Particles Inside Impermeable Porous Substrates.

1. ABSTRACT

The electrophoretic penetration of colloidal ceramic particles into an impermeable
porous graphite substrate is investigated. The substrate is immersed in a suspension
containing the particles and positioned between two electrodes. An electric potental
gradient between the electrodes is used to drive the ceramic particles into the pores which
are closed at the far end not allowing fluid permeation . Three driving mechanisms are
identified: the hydrodynamic drag force exerted on the particles due to the electroosmotic
flow of the solvent inside the pores, the electrophoretic force exerted on the particles and
the stochastic Brownian force due to thermal fluctuations of the solvent molecules. While

subjected to these forces, the particles may reach the walls of the pore and the short range
van der Waals forces may cause their capturing and deposition onto the walls.

The objectives of this paper are: a) to predict the penetration depth of a single
ceramic particle moving inside an impermeable porous substrate under the effect of an
electric potential gradient, b) to derive the non-dimensional parameters characterizing the
motion of the ceramic particles,and ¢) to gain a physical insight on the various mechanisms
governing penetration.

Qualitatively, the results are that penetration depths are governed by a favorable (if
large) Peclet number and unfavorable (if large) Damkohler number. However, the closed
pore structure of the substrate causes diminished particle penetration if compared with an
open pore structure, due to a less effective electroosmotic flow. Quantitative results for the
mean penetration depths and the dispersion about the mean are also provided.




2. BACKGROUND

Deep penetration and deposition of inert species over the interstitial surfaces of a
volatile porous substrate has been a major concern of the aero-space industry. Extremely
strong, light and sometimes porous composites (such as carbon-carbon) may undergo
undesired processes if exposed to a high temperature oxidizing environment. Chemical
Vapor Deposition (CVD) of inert materials (such as Silica, Silicon-Carbide etc.) onto the
walls of the pores, have been suggested in the past to protect the composites from
oxidation. Alas, CVD has proven to be extremely slow and only shallow penetraton has
been detected. A rather new method to protect porous substrates by electrophoresis is
studied and described in detail in our previous papers (1-2). In essence, an electric potential
gradient is used to drive colloidal particles deep into the voids of the porous substrate.The
analytical approach described in (2) considered an open porous structure. In this paper we
focus our attention on the case where the substrate possesses small pores which are closed
at one end and are impermeable to fluids.The purpose of this paperis: a) to suggesta
theory and 2 mathematical model by which Deep Electrophoretic Deposition, can be
analyzed and the non-dimensional parameters governing the process be obtained, and b) 10
predict the mean penetration depths and the dispersion of particles about the mean for the
given set of parameters and structure of the porous substrate.

The motion of a single particle under the effect of electrophoretic forces has first
been addressed by Smoluchowski (1918) and subsequently by many others (3-15).
Smoluchowski predicted that a rigid spherical particle possessing an electric double layer
and embedded in an unbounded flow field would be forced to move if subjected to an
electrical porential gradient. The mobility of the particle depends linearly upon the dielectric
constant of the fluid, the potential gradient, the zeta potential of the particle and is inversely
proportional to the fluid viscosity. Wall effects were accounted for by Morrison & Stukel
(1970) and Ken & Anderson (1985) for the case of a particle ravelling in close proximity
to the containing boundaries of the flow field. Keh & Anderson (1985) have shown that (if
electroosmosis is disregarded) the particle would experience an increasing drag force and
reduced mobility. It was also shown, that due to the electric field, the insulating rigid walls
would induce an electroosmotic flow, its direction depending on the sign of the wall zeta
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potential. For an open permeable structure the electroosmotic flow possesses a uniform
velocity profile and a neutral particle immersed in the fluid would be dragged by the
electroosmotic flow and move with almost identical velocity. However, for an impermeable
structure though the induced electroosmotic flow sall exists it is non uniform since a net
zero mass flow must be observed inside the pores.(figure 1) Thus, the colloidal particle
would be dragged by the electroosmotic flow and its motion determined by the local
electroosmotic velocity. In case the particle is also subjected 1o an electrophoretic force, the
particle would move locally with the combined electrophoretic and electroosmotic
velocities. Superimposition is allowed due to the linearity of the governing low Reynolds
number flow field equations. In addition, a sub-micron particle would experience an erratic
Brownian motion due to the thermal fluctuations of the fluid molecules. Consequently,
deterministic evaluation of the particle path under the combined effects of electroosmosis,
electrophoresis and Brownian motion is invalid and a stochastic approach must be adopted

(2).

The fluid modon inside a porous substrate under the effect of a pressure gradien:
(known as Darcy's law) has been addressed by many investigators. To devise the micro-
pattern of the flow field, unit cell models (19-21) as well as more advanced finite elements
approaches for spatially periodic structures (22-27) were applied. An equivalent treatment
was proposed for the case of electroosmotic flow through an open porous structure (2),
namely, the flow generated under the effect of an electric potential gradient. Since, a
particle would be dragged bv this interstitial electroosmotic flow, its evaluation is of
foremost significance if one desires to caiculate mean penetration depths of the ceramic
particles. A general approach in which we modify Darcy's law so that it would incorporate
electroosmotic effects is addressed in a separate paper (Haber (1990)). However, for the
case of closed pores no similar treatment exists and a simple model is suggested in the
following chapter.

The second effect to be accounted for is the direct electrophoretic force exerted on a
particle travelling inside the small pores. Numerous treatients exist for the motion of a
small rigid partcle at low Reynolds numbers, wall effects excluded (29) and included (29-
32). The fine structure of a porous substrate enveloping a particle was treated in various
ways, for instance, a spherical particle travelling along an infinitely long cylinder of circular
cross-section, a spherical particle embedded in a flow field which is bounded by a
spherical envelope with pre-assumed free surface (or free vorticity) boundary conditions,
and a small spherical particle moving inside a spatially-periodic lattce of pre-arranged large
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spherical particles. Notwithstanding, all of the previous models assumed no-slip boundary
conditions over the particle surface, whereas the electrophoretic force is applied via a
unique s/ip boundary condition. Thus, the known approaches must be rectified
accordingly.

The third effect, the random Brownian force due to the thermal fluctuations of the
fluid, was treated by two different methods in the past. The first method applies a
Lagrangian viewpoint of the problem utilizing Langevin's equation to evaluate mean
particle velocity and dispersion (33,34). The second method applies an Eulerian approach
where a Fokker-Planck equation is formulated and a moment method developed by Taylor-
Aris is utilized to derive the pertinent means (35-37). Generally, it is accepted (and for
linear cases can be proven (18)) that these methods would yicld idendcal results and the
choice between the methods is a matter of convenience.

In the next chapter we shall address the three foregoing mechanisms where we
provide: a) a solution for the electroosmotic flow inside a long circular tube closed at the far
end and a similar solution for a simpler 2D flow between two semi-infinite plates (a model
simulating the electroosmotic flow in an impermeable porous structure), and b) a model
for the stochastic behavior of the Brownian particle under the combined effect of
electroosmosis and electrophoresis utilizing Fokker-Planck's equation.

3. METHOD OF SOLUTION

32.El is in 1 ble P Medi

The flow through porous media generated by an electric potential gradient was
analytcally investigated by Kozak &Davis (1986,1989) using a unit cell model and by
Haber (1990) using a simple approach based on the known solution of the flow field
through a long open circular tube (in close similarity to one of the approaches used to
analytically prove Darcy's law). Similar approaches for pressure driven flows were used to
determine filtration efficiencies in porous substrates (39).

Tacitly, a permeable interconnected pore structure was assumed 1o exist in all the
aforementioned treatise. In case the pores are not interconnected, no flow can penetrate the
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porous structure and the net flow through it must be zero. Notwithstanding, microscopic
flow can sull exist inside the pores located close to the external boundaries of a substrate
subjected to an external electric potential gradient. Normally, this flow is of no particular
interest and can be totally ignored if macroscopic processes are investigated. However, if a
coating of thickness very small compared with the substrate thickness is considered such
flow is of utmost importance and may determine the penetration depth of the coating.
Consequently, the first goal would be to determine this electroosmotic flow which is
developed close to the boundaries of the substrate.

We proceed in a manner similar to the one we used in (2) and utlize a single long
cylindrical tube to model the pore structure, only here the cylinder is closed at its far end.

The goveming field equations for the flow through a tube induced by an electric
potential gradient are based on Stokes' equations for low Reynolds number flows, i.c.

nViv=Vp V-v=0 (1]

where v and p are the velocity and pressure fields and 7 stands for the viscosity of the
fluid.

The boundary conditions which the velocity field satisfies over the cylinder walls
are (17):

= £, 0 - - 2
Kl : v,=0 @ r=»b (2]

where € is the dielectric constant of the fluid, {, is the zeta potential at the cylinder wall, ¢
stands for the electric potchiial, b is the radius of the tube and (r,z) are polar coordinates,
the 2z coordinate coinciding with the cylinder axis. It should be noted that the no-slip
condition can no longer be applied and in its place we use condition [2] .

The general solution for v is easily derived for a fully developed flow (i.e.
ov,/92=0.) namely,

L b-ra_ e %

3
' 4n & 4m oz )




where the constant pressure gradient is yet to be determined. The auxiliary condition which
must be used is that the net mass flow through the pore must vanish, i.e.

b
anv,rdr =0 (4]
o .

Combining [3] and [4] determines the pressure gradient and yields the final form of the
velocity field,

(5]

Equation [5] represents a valid solution for a region not too close to the enoance of the pore
or its dead end.

Similarly, it is easy to show that for a 2D case, where a pore is simulated by two
flat plates 2b distant apart and closed at the far end, the velocity field is given by

[N

2

We shall use equation [6] rather thar [5] in the following analysis due to the simpler
mathematical handling of a 2D problem. We believe, however, that valid qualitative and
quantitative predictions will be obtained for penetration depths of colloidal particles.in an
impermeable porous substrate. The full 3D problem based on equation [5] will be analyzed
in the future and compared with the results provided in this paper.

We shall also henceforth assume that the velocity U' of a neutral particle suspended
in the fluid depends upon its distance from the walls and equals the fluid velocity given by
[6]. Thus, its z-component is .

. 1 yz _
v "’2'U-(3‘;; l) [7]




where

U =—L5n 90
¥ 4mm & (8}
Thus, a particle located at close proximity to the walls will be carried deeper into
the pore due to electroosmosis while a particle located closer to the center will be retarded.
This fact is the basic difference between this case and the case presented in (2) where the
velocity field inside the pore due to electroosmosis has been shown to be uniform.

ab. Electrophoretic Mation of a Particl

The elecrophoretic velocity U" of a small rigid spherical particle suspended in an
unbounded flow field of viscosity 77 and subjected to an external electric potential gradient
E - -V¢ was first obtained by Smoluchowski,

ne
U'=- Vg [9]

where 4}, is the zeta potential over the particle interface. Its z-component is given by

-, 0
F4m o [10)

The basic assumptions made to derive [9] are that the Debye screening length is much
smaller than the particle dimension and that the particle translates in an unbounded flow
field.

If the particle translates at close proximity to a rigid surface, wall effects must be
accounted for (e.g. Keh and Anderson(1985)). Notwithstanding, for particle dimensions
which are more than ten times- smaller than its distance to the wall, Smoluchowski's
equation is an excellent approximation (given that no electroosmotic flow exists).

It is a well known result from the theory of low Reynolds number flows (40,41)
that a particle approaching a rigid wall (subjected, for instance, to gravity forces) will
experience a growing hydrodynamic resistance which at the limit of zero gap increases to
infinity. However, the condition of slip velocity over the particle boundaries will cause that
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resistance to grow in a slower manner up dll a gap of the order of the Debye screening
length. An exact treatment of this hydrodynamically singular behavior awaits exploration.
However, over these very small distances one has to consider other surface (e.g. London-
van der Waals) forces which eventually lead to the atraction of the particle to the walls.
Thus, it seems reasonable 1o assume that Smoluchowski's equation can be used as a first
order approximation for the mobility of a particle over the entire range of particle radius to
wall-gap ratios.

Henceforth, we shall assume that equation {10] is applicable for the case of a single
rigid particle immersed in a fluid of viscosity 7 and bounded by the walls of a long pore

its axis pointing in the z-direction
3¢ The Probability Distribution for Particle P ion Dept]

3¢.1 Statement of The Problem

Small sub-micron particles travelling inside the pores of a porous substrate are
strongly affected by the thermal fluctuations of the fluid molecules and experience
Brownian moton. This stochastic motion must be superimposed to the deterministic
elecrophoretic motion and electroosmotic induced velocity which are primarily parallel to
the direction of the pore axis. The Brownian motion causes the particie to cross streamlines
and sample all possible transverse positions which leads to the phenomenon known as
Taylor dispersion. '

Tracing down exactly the trajectory of a particle is therefore of no consequence.
What we seek is the probability distribution that a particle entering the porous substrate
would reach a given depth and not be deposited on the walls during its erratic motion inside
the pores. In addition, the very complex and random structure of the porous substrate
makes it impossible to obtain more than a formal representation of the equations and
boundary conditions. The mathematical formulation must hinge on a simplified geometrical
model for the porous structure which would be amenable to mathematical analysis. One of
the very common approaches is to treat a single pore as a long circular tube of mean pore
diameter its axis colinear with the local superficial velocity direction. Such a model is
handicapped by the fact that no pronounced lateral dispersion of the particles across the
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porous suustrate is allowed. However, since only the mean longimudinal particle motor is
sought such a model is expected to provide valid resuits on the main parameters affectng
penetration depths. The fact that the pores are not interconnected but sall of considerable
length compared with their diameter allows us to treat the moton of the particle as
unaffected directly by the presence of the dead end (although the existence of a closed end
affects the electroosmotic velocity which in turn affects the motion of the partcle). Figure 1
describes the basic geometrical and kinematical parameters applicable to the problem.
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Fig. 1

The general differential equations governing the problem is Fokker-
Planck's equation for the probability distribution. In our case it assumes the form,

%’4V,J,+V,-J,=%6(z)5(y-)e)5(t) (1)

where
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J,=Up-D,Vp, J,=-DVp,
D,=kTM, D’=kTM’ (12}
U=U@,0)+U"(@)

Here p(y,z,t | y,,0) stands for the conditional probability that a particle initially
located at (y,,0) reaches the infinitesimal volume around (y,z) after time 2. The cartesian
coordinate system (y,2z) coincides with the pore midplane where y stands for the lateral
distance from the pore midplane and 2 is the distance measured along the pore from the
pore entrance. The symbol U stands for the deterministic part of the velocity of the particle,
composed of its electrophoretic velocity and the electroosmotic velocity of the suspending
field. It must be stressed that the interstitial flow due electroosmosis U’ does not possess
the commonly agreed upon parabolic (Poiseuille) form.of velocity vanishing at the walls It
is very well approximated by the parabolic distribution shown in Figure 1 (equation [6]) for
pore diameters larger than Debye's screening length (a condition normatly met). Thus, U is
a varying function with respect to the spatial coordinates. The flux J, parallel to the axis of
the pore depend on particle convection and diffusion along the pore axis, whereas the
flux J, arise from diffusion only. The diffusion coefficients D, and Dy the first one
parallel and the latter perpendicular to the pore axis, depend on the absolute temperature T
of the liquid and the respective particle mobilitdes M, and M,. This generalized Stokes-
Einstein relatonship provided in [12] accounts for wall effects through the anisotropic
form of the matiliny tencar From the physica! point of view, it is obvious that the particle
would experience unequal hydrodynamic resistance to its motion perpendicular and parallel
to the pore axis. The mobility tensor components were approximately evaluated in Happel
and Brenner (1973). It is shown that, for particles of radius @ small compared with their
distance to the wall, the mobilities M, and M, are approximately equal and possess the
following form,

M,=M,=1/(6xna) . (13]

The boundary conditions which the probability distribution p sadsfies over the pore
walls are first order diffusion-reaction rate equations ,
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FD—= =+ 14
; w @ y=ib [14]

where x is the local deposition rate and b stands for the pore mean radius.

The left hand side of [14] represents the diffusional flux of probability towards
the pore walls whereas the right hand side represents the probability that a particle located at
close proximity to the walls would indeed be deposited. The numerical value of x depends
on particle shape and dimension, electrostatic and hydrodynamic forces and the physical
properties of the materials comprising the particles, the porous substrate and the
suspending liquid. Indeed, it is extremely difficult to obtain x from first principles. A
feasible method to attain this end would be to devise an experiment in which one would
utilize the given materials of the ceramic particles, porous substrate and liquid.

As for the downstream boundary condition, we assume that very far from the
entrance p vanishes.This is in agreement with the assumption of very long pores or, in
other words, that the particle is deposited on the wails long before it reaches the far end. A-
posreiorily, the solution would be used to formulate a condition for which this assumption
can be justified. In addition, we would assume that the integral of p over the walls and the
bulk of the fluid is unity for all rimes (this corresponds to assuming that a particle once it
entered the pore is not allowed to escape or an upstream boundary condition of zero net
flux). This last assumption can be justified if one recalls that the longitudinal dispersion is
very small for the very short times the particle stays close to the entrance. In other words,
the Brownian migration, which might cause the escape of the particle, is negligibly smail
compared with the longitudinal distances the particle travels due to convection for the short
time it stays close to the entrance. Moreover, since the distribution function of p is very
sharply peaked at the beginning of the process and then travels downstream, p itself can be
assumed to approximately vanish at the entrance positon.

3c2 Analvtical Soluti | Resul

It is very uscful to state the non-dimensional parameters and time scales of the
problem before we attempt to obtain an analytical or numerical solution of [11}. It is easy to0
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show that the pertinent time scale within which steady electroosmotic flow can be
established is,

7,5 _ (15]

where U,, is the velocity adjacent to the walls and c is the length of the pore. This time
scale would also provide a measure for the time it would take a particle adjacent to the walls
to reach the far end of the pore due to electroosmosis.

Similarly, it can be shown from [11], [12] and [14] that additional three ime scales
exist for the penetration process of Brownian ceramic particles into the porous substrate.
The first one, is linked with the electrophoretic convective term of the Fokker-Planck

equation,
¢
T,=—
P U’ [ 16]
which determines the time it would take a particle to reach the end of the pore due to
elecrophoretc forces.

The second time scale is related to the diffusive process, namely, the time it takes a
Brownian particle to cross streamlines and sample all radial positions inside the tube,

e - (171
The third time scale is obtained from boundary condition [12] and determines the
deposition rate, namely,

(18]

Tp=

x|
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If we assume that the Brownian particles were introduced into the solution after
electroosmotic steady state flow has been established, (U is time independent) non-
dimensionalization of the Fokker-Planck equation and the as<ociated boundary conditions
result in three non-dimensional parameters which determine the solution completely. The
first parameter can be identified as the Peclet number of the problem,

pe=Y:b [19]
D

which determines the relative significance of the convectve electroosmotic process vis-a-
vis the diffusive process. Recall that U,, is defined here as the electroosmotic velocity
adjacent to the walls,

The second non-dimensional parameter is the Damkohler number which determines
the ratio between the diffusion and the deposition time scales, namely,
_Hh_M

=—L=— 2
t, D ° (201

Thus, large values of A mean that the deposition of particles on the walls is
governed mainly by diffusion, whereas small values of A mean that depositon is
controlled by the local deposition rate.

The third non-dimensional parameter is the ratio between the electrophoretic and the
electroosmotic velocities which also equals the ratio between the zeta potentials

g

T e

5= . . [21]

tQ l“::

Its value is either negative or positive.

A general analytical solution of [11] is extremely difticult to obtain since U’
depends on the lateral y-coordinate. We shall instead utilize a method devised by Aris and
Taylor which makes it possible to derive the mean penetration distance and the dispersion
about it. A detailed description of the general method is given in ( ).The reader is referred to
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the appcridix in which we describe how to apply it to the foregoing problem. A summary of
the principal equations, ouiline of the solution procedure and the main results are now
addressed.

Equation [11] rewritten in the 2D cart-csian coordinate system (y,z) possesses the
following form

-a£+ U= D(a?p P

o X% Y )"‘5(1)5(2)50’ y) ) [22)

where
2

_1 y
U _EU,(3;;-1)+U, (23]

A cascade of partial differential equations can be derived from [22] all of which are
independent of z and are easier to handle . The first three are

Py _ D%’zzzg+5(,)5<y-y~)

or [24]

% _pdP

5 D57 U [25]

8

-5- 7p2 + 2Dp0 + ZUPI [26]
where

Po= f;p dz, p= I: pzdz, p,= J: pz dz [27]
The associated boundary conditions are

Pty  i=123 @ y=t [28]

oy




-15-

The solutions for p; and p; are required to determine the mean penetration and the
dispersion about the mean. The solution for p, depends upon p; and it in turn depends
upon py. The solution of [24] for p, is straightforward

1 exp(=8%7) - 4
P, T) = K IZ%%cos(Gﬂ)cos(Qn') [29]
where
= Z - S == Z.’.' —1 _l)—‘. {30}
=% =% Hairs

and 9, is a solution of the following algebraic equation

5,tan 8,‘ = l [3 1]
which possesses an infinite number of roots. The n-th root lies in the regiun between
(n-1)r and (n-.5)n and approaches (n-1)x for large n's.

the solution of [25] for p, is quite lengthy and results in the the expression
b _l_i exp(—82r)cos & ncosd ' ( sin28, N 3cos28, 3sin26
Pt 2% (1+A7'sin3, ) S, 26,2 45}
2 2“: [exp(—621) — exp(—621)]cos 8,11 cos 8,17 cos 8, cos &
po e (8,2-6,°(1+A4sin?8,) (1+ A7'sin®4,)

man

2+2¢(1+ A'sin®6,) )+

-61. n§,2 48,2+ 24 (A +1)]
(32]
The probability of a particle depositing per unit time per unit area over the pore
walls is &p at y=b. Thus, the mean penetration depth, for particles entering the pore at
arbitrary initial position is given by
- e b -
2=2x|_ [ |7 @Gyay),,p0)dzay d=
- b [33]
2c[ [, ppOIayar

where p(y’') is the probability distribution of a particle entering the pore a: time t=0 at
position y=y’ and the factor 2 preceding the expression accounts for deposition on the wall
at y=-b. An exact solution for the distribution would depend upon the solution for particle
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concentration outside the porcus substrate adjacent to its boundaries. This solution is not
apriorily known. Instead, we shall assume a simple uniform distribution or, in other
words, that all initial positions are equally likely. ,

Substitution of [34] and [32] into [33] yields,

i=[i sin?§, sin28,  3cos28, 3sin24,
Pb 4&i(l+A%in*8)*\ & 262 46

= cos’8,cos’S, (52,82
Y Y T A s I s A e (Lx Aamia ) (on O 24+ 1)

mnn

+2¢(1+17'sin?8,) )+

n

[34]

Figures 2 and 3 illustrates the dependence of the mean penetration depths upon the
Damkohler number A and the ratio between particle to wall zeta-potendals {, respectively.
Deep penetration is affected mainly by two parameters, the Peclet number and the
Damkohler number. The dependence upon Peclet number (either based on the
electroosmotic or the electrophoretic velocities) is shown to be linear. The dependence upon
the Damkohler number is mcstly pronounced for values lower than 0.3. Small changes in
this region would be manifested in large changes in penetration depihs. High values of the
Damkohler number would result in poor penetration depths. The third non-dimensional
parameter, the zeta potential ratio, is of much lesser importance. The penetradon depth
increases slowly with a corresponding increase in the value of (.

The solution of {26] for p, is very lengthy and tedious and is based on the solutions
for p, and p; given in [29] and [32]. Since we seek the dispersion about the mean
penetration distance of particles deposited over the walls, we need to evaluate the integral

or=2k[ 1 [ (2~ 2p(a.b.tly)p(y)dzdydr =
yu-bds=0

=0

n [35]
zxjy'--bjl-o po(y = b,1ly)p(y)dydr -

The integration of p, , albeit straightforward, is tedious and the final expression for 0'22

possesses the following form
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.0.2

5 2
P2b2—21(5+s+5,)( )

Fb

where

Z sind,cosd,
5= P* & 5 31+ A7'sin’4))

1<
Sz-"—’az

A=l

sin28,  3cos2d, 3sinld
+ —
3, 287 45,
sind, cosd, +
8, 1+A 'sin?8)’

2
24 2¢c(1+A7'sin?8,) ) X

sin28 3cos26m 3sin2d
S5

- ~ -1 .2
A=l m=l é, 25‘"2 45,‘3 +2¢(1+ A7 'sin 5..)])(

(6.2+6,2+24%+ 21 )cos*5,cos 6, sin 5,
6,28, (8,1~ 6, %1+ A7'sin?S Y(1+ A7'sin* S, )?

and

Ax] m=l 26,‘2 4553

A

5= 62 Z(stS 300525, _ 3sin2§, +2¢(1+A"sin? 5‘)J N
(6.2+68,2+22%+22)cos* S, cosd,sin 5,
8.8,28,2- 8 Hi(1+A'sin®S8, )1+ A7'sin* 8,

7222 cos’d,sin 8, cos’5,(8,2+ 6, +22.2+2,1)
pr e ,.’5, CRET LY (1+A“sm’5)(1+r‘sm26)

men

c055c055c055 sind,
72
ZZE 8.76,°6,2(5,2- 8,68, -4, O

remag
(8,2+8,2+24%+24)(8,2+ 6,2 +24% +24)
(1+A™sin8 )(1+A7'sin? 5, )1+ A7'sin’ 8,)

(36]

(371

(38]

(39]
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Figures 4 to 9 illustrate the long time dependence of the dispersion coefficient on
the Damkohler number, on the zeta potential ratio and on the Peclet number.

Figures 4 and 5 illustrate the derived numerically computed values for the
dispersion coefficient as function of the Damkohler number A, for £ values 0.1, 1 and 10
and Peclet numbers 0.1, 1 and 10, respectively. It can clearly be observed that high values
of A cause the dispersion coefficient to decay ver fast. It means that most of the particles
would deposit on the walls very close to the pore entrance and that the spread around the
mean penetration distance is peaked. Small values of A would result in deep penetration and
a wide spread of particles (a desirable effect). For 4 values smaller than 0.3, the dispersion
coefficient is highly sensitive to 4 variations. A decrease in 4 by a factor of two may
result in order of magnitude changes in the dispersion coefficient. Although the trend
manifested in the figures is expected, the last mendoned result is not too obvious.

Figures 6 and 7 illustrate the values computed for the dispersion coefficient as
function of the zeta potendal ratio {, for A values 0.1, 0.5 and 1 and Peclet numbers 0.1, 1
and 10, respectively. It manifests that the square of dispersion coefficient depends
quadratically upon {. Its value increasing slowly with a corresponding increase in the zeta
potential ratio. The reason for this behavior is not too clear. It may be due to the larger
variations in the velocity profile across the pore, a fact which is known to enhance
dispersion in similar flow systems.

Figures 8 and 9 illustrate the values computed for the dispersion coefficient as
function of the Peclet number P, for { values 0.1, 1 and 10 and A4 values 0.1,0.5and 1,

respectively. It manifests the important role of particle convection. For large P, numbers,
the dispersion coefficient increase almost linearly The probability density drops
significantly with the Peclet number P, thus a more even distribution of particles is
expected along the pore axis and deeper penetration is expected. In figure 5 the probability
density is directly plotted vs. the local deposition parameter A for Peclet values 0.1, 1.0
and 10 and two values of z, showing again the fast accumulation of particles near the pore
entrance for small values of Peclet number.
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4. CONCLUSIONS

Deep penetration and coating is feasible by electrophoretic methods. The figures
elucidate the fact that deep penetration (more than hundred pore diarneters) can be achieved
only for small Damkohler numbers A ( 4 < 0.2 ) and for high Peclet numbers ( Pe > 10).
Cases in which A =0 would obviously result in the largest value for the mean penetration.
A small change in A may cause order of magnitude changes in penetration depths.
Introduction of a repelling force between the particles and the pore walls, stronger than van
der Waals forces, may achieve this desired effect.

The dispersion around the mean penetration depth is large for small Damkohler
numbers and grows almost linearly with Peclet number. Thus, an almost even spread can
be achieved for the same values which will bring about deep penetration. This result is a
very favorable outcome for electrophoretic coating methods.

An increase in the ratio { between the electrophoretic velocity of the particle and the
electroosmotic velocity near the wall will cause only a mild increase in penetration depth
and dispersion coefficient. Indeed, this parameter plays only a secondary role in the deep
electrophoretic coating process It is, however, preferable to increase the electrophoretic
rather than the electroosmotic velocity.

Comparison with the results we obtained for the open pore structure of the substrate
reveals that penetration depths for closed pores is smaller whereas dispersion in the latter is
larger provided electroosmosis exists.

Validity of the analysis relies on the fact that particles do not reach the dead end
position in the pore. Thus, the pore must be longer than the sum of the mean penetration
distance and three times thz the value of the dispersion coefficient (this will account for
more than 95% of the particles depositing on the walls prior to reaching the dead end).
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The diffusion coefficient of the colloidal particles has a dual effect: 1) decreasing
diffusion coefficient causes increasing Peclet number which has a favorable effect on
penetration depth.2) decreasing diffusion coefficient causes increasing deposition rate
which has an unfavorable effect on penetration depth.

The process can be controlled by a judicious selection of particle size and
concentration, solution properties, electric field intensity and its time protocol.
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figure 1: The definition of the coordinate system and the geometrical model for particle
penetration .
figure 2: Mean penetration depth vs. The Damkohler number.
figure 3: Mean penetration depth vs. The ratio between electrophoretic and electroosmotic
velocities (or particle to wall zeta potentials).
figure 4: The standard deviation vs. The Damkohler number (particle to wall zeta potential
ratio is used as a parameter).
figure 5: The standard deviation vs. The Damkohler number (The Peclet number is used as
a parameter).
figure 6: The standard deviation vs. The zeta potential ratio (The Damkohler number is used
as a parameter).
figure 7: The standard deviation vs. The zeta potential ratio (The Peclet number is used as a
parameter).
figure 8: The standard deviation vs. The Peclet number (The zeta potential ratio is used as a
parameter).
figure 9: The standard deviation vs. The Peclet number (The Damkohler number is used as
a parameter).
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Deep Electrophoretic Penetration and Deposition of Ceramic
Particles inside Porous Substrates

I. Analytical Model

S. Haber and L. Gal-Or

Department of Mechanical Engineering and Institute of Metals,
Technion—Israel Institute of Technology, Haifa 32000, Israel

~ ABSTRACT

Tae electrophoretic penetration of colloidal silica particles into a carbon-carbon porous substrate is investigated. The
carbon substrate is immersed in a solution containing the particies and positioned between two electrodes. An electnc po-
tential gradient between the electrodes is used to drive the solute (silica particles) into the pores. Three dniving mechan.-
isms are identified: the hydrodynamic drag force exerted on the particlies due to the electroosmotic flow of the solvent in-
side the pores, the electrophoretic force exerted on the partcles, and the stochastic Brownian force due to thermal
fluctuations of the solvent molecules. While subjected to these forces, the particles may reach the walls of the pore and the
short range van der Waals forces may cause their capturing and deposition onto the walls. The objectives of this paper are
to predict the penetration depth of a single ceramic particle moving inside a porous substrate under the effect of an elec-
wic potential gradient. to derve the nondimensional parameters characterizing the motion of the ceramuc particles. and to
gain a physical insight on the various mechanisms governing penetration. Qualitatively, the resuits are that penetration
depths are governed by a favorable (if large) Peclet number and unfavorable (if large) Damkdéhler number. Quanttatve

results are also provided.

Deep penetration and deposition of inert species over
the interstitial surfaces of a volatile porous substrate has
been a major concern of the aero-space industry. Ex-
tremely strong, light, and sometimes porous composites
{such as carbon-carbon) may undergo undesired processes
if e:cposed to a high temperature oxidizing environment.
Chemical vapor deposition (CVD) of inert materials {(such
as silica, silicon-carbide, etc.) onto the walls of the pores,
have been suggested in the past (1-2) to protect the com-
posites from burning or deterioration. Alas, CVD has
proven to be extremely slow and only shallow penetration
has been detected. A new method to protect porous sub-
strates by electrophoresis is carried out and described in
detail in Part I1. In essence, an electric potential gradient is
used to drive colloidal particles deep into the voids of the
porous substrate. The purpose of this paper (Part ) is to
provide an overview of the existing theory and mathemati-
cal modeis closely related to deep electrophoretic deposi-
tion (DED), to suggest a theory and a mathematical model
by which DED can be analyzed and the nondimensional
parameters governing the process be obtained, and to pre-
dict penetration depths for the given set of parameters.

The motion of a single particie under the effect of elec-
trophoretic forces has first been addressed by Smotu-
chowski (1918) and subsequently by many others (3-135).
Smoluchowski predicted that a rigid spherical particle
possessing an electric double layer and embedded in an
unbounded flow field would be forced to move if subjected
to an electrical potential gradient. The mobility of the par-
ticle depends linearly upon the dielectric constant of the
fluid, the potential gradient, the zeta potential of the parti-
cle, and is inversely proportional to the fluid viscosity.
Wall effects were accounted for by (16) and (17) for the case
of a particie traveling in close proximity to the containing
boundaries of the flow field. Keh and Anderson (17) have
shown that if electroosmosis is disregarded the particle
would experience an increasing drag force and reduced
mobility. It was also shown that. due to the electric field.,
the insulating rigid walls would induce an electroosmotic
flow, its direction depending on the sign of the wall zeta
potential. Thus, a neutral particle immersed in the fluid
would be dragged by the electroosmotic flow and move
with almost identical velocity. In case the particle is also
subjected to an electrophoretic force, the particle would
move with the combined electrophoretic and electroos-
motic velocities. Superposition is allowed due to the lin-
earity of the governing low Reynolds number flow field
equations. In addition, a submicron particle would experi-
ence an erratic Brownian molon due to the thermal fiuc.
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tuations of the fluid molecules. Consequently, deterrmunis-
tic evaluation of the particle path under the combined
effects of electroosmosis, electrophoresis. and Brownian
motion is invalid and a probabalistic approach must be
adopted (18).

The fluid motion inside a porous substrate under the ef-
fect of a pressure gradient (known as Darcy's law) has been
addressed by many investigators. To derive the micro-pat-
tern of the flow field, unit cell models (19-21) as well as
more advanced finite elements approaches for spatially pe-
riodic structures (22-27) were applied. However, no eguiva-
lent treatment exists for the case of electroosmotic flow
through a porous structure. namely, the flow generated
under the effect of an electric potential gradient. Since a
particle would be dragged by this interstitial electroos-
motic flow, its evaluation is of foremost significance if one
desires to calculate mean penetration depths of the ce-
ramic particles. A general approach in which Darcy’s law
is modified so that it would incorporate electroosmotc ef-
fects is addressed by us (28) and by others (29).

The second effect to be accounted for is the direct elec-
trophoretic force exerted on a particle traveling inside the
small pores. Numerous treatments exist for the low Rey-
nolds number motion of small rigid uncharged parucles
(30), charged particles (17), wall effects exciuded (30), and
included (30-33). The fine structure of a porous substrate
enveloping a particle was treated in various ways, for in-
stance, a spherical particle traveling along an infinitely
long cylinder of circular cross section, a spherical parucle
embedded in a flow field which is bounded by a spherical
envelope with preassumed stress-free (or vorticity-free)
boundary conditions, and a small spherical particle mov-
ing inside a spatially-periodic lattice of prearranged large
spherical particles. Notwithstanding, all of the previous
models assumed the no-slip boundary conditions wiuch
are correct for an uncharged particle surface, whereas the
electrophoretic force is applied via a unique slip boundary
condition. Thus, the known approaches must be altered to
handle this new set of boundary conditions (17).

The third effect, the random Brownian force due to the
thermal fluctuations of the fluid, has been treated by two
different methods in the past The first method appligs a
Lagrangian viewpoint of the problem utilizing Langevin's
equation to evaluate mean particle velocity and dispersion
(34, 35). The second method applies an Eulerian approach
where a Fokker-Planck equation is formulated and a mo-
ment method developed by Taylor-Aris is utilized to de-
rive the pertinent means (36-38). Generally, it is accepted
{and for Llinear cases can be proven {18)) that these methods
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would yield identical results and the choice between the
methods is a matter of convenience.

In the next section we shall address the three foregoing
mechanisms where we provide a short recapitulation of
the basic equations governing electroosmotic flow in po-
rous structures derived elsewhere (28), a model for the mo-
tion of a particle in a long cylindrical tube under the effect
of an electric field, (a model simulating the motion of a par-
ticle in a porous structure)}, and a model for the stochastic
behavior of the Brownian particle under the combined ef.
fect of electroosmosis and electrophoresis utilizing Fok-
ker-Plancik’s equation.

, Method of Solution

Electroosmosts in porous media.—The flow through por-
ous media generated by an electric potential gradient was
analytically investigated in (39) using a cell model and by
(28) using a simple approach based on the known solution
of the flow field through a long circular tube (in close simi-
larity to one of the approaches used to analytically prove
Darey’s law). Similar approaches for pressure driven filows
were used to determine filtration efficiencies in porous
substrates (40). For the sake of completeness we provide in
the Appendix a short recapitulation of the basic assump-
tions and results presented in (28), a paper which was re-
cently submitted for publication. We shall follow its sym-
bol definition and use its main result (Eq.[A-10]) to
evaluate the electroosmotic velocity developed inside a
porous slab.

Assume the very simple case of an infinite slab of thick-
ness ¢, which is subjected to an electric potential drop
&3 — &, and a zero pressure gradient (along, say, the z direc-
tion). The steady-state solutions of Eq. [A-10] for the elec-
tric potential inside the slab ¢ and the interstitial velocity v
are simply

b= +{br—dzle, v=U m—yig-dVck [1]

where v is the electroosmotic permeability defined in
Eq. [A-6].

Thus, the electroosmotic velocity through the siab is uni.
form and constant. We adopt the symbol U’ for the velocity
solution of this simple case and shall apply it later in the

paper.

Electrophoretic motion of a particle—The electro.
phoretic velocity U™ of a small rigid spherical particle sus-
pended in an unbounded flow field of viscosity  and sub-
jected to an external electric potential gradient E = -V¢
was first obtained by Smoluchowski

U=--—"Y¢ (2
4

where {, is the zeta potential over the particle interface and
€ is the dielectric constant of the fluid. The basic assump-
tions made to derive Eq. {2] are that the Debye screening
length is rauch smaller than the particle dimension and
that the particle translates \n an unbounded flow field.

If the particle translates at close proximity to a rigid sur-
face, wall effects must be accounted for (17). Notwith.
standing, for particie dimensions which are more than ten
times smaller than its distance to the wall, Smolu-
chowski’s equation is an excellent approximation (if no
electroosmotic flow exists).

It is a weil known result from the theory of low Reynolds
number flows (41, 42) that a particle approaching a rigid
wall (subjected. for instance, to gravity forces} will expen.
ence a growing hydrodynamic resistance which at the
limit of zero gap increases 1o infinity. However, the condi-
tion of slip velocity over the particle boundaries will cause
that resistance to grow in a slower mranner up till a gap of
the order of the Debye screening length. An exact treat-
ment of this hydrodynamically singular behavior awaits
exploration. However, over these very small distances one
has to consider other surface forces (e.g. London-van der
Waals) which sventually lead to the attraction of the parti-
cle to the walls. Thus. it seems reasonable to assume that
Smoluchowski’s equation can be used as a first order ap-
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POrous mecuumm

Fig. 1. A slab of porous substrate of thickness c.

proximation for the mobility of a particle over the entire
range of particle-wall gaps.

Henceforth, we shall assume that Eq. {2] is applicable for
the case of a single rigid particle immersed in a fiuud of vis-
cosity n and bounded by the walls of a long tube.

The probability distribution for paricle penetration
depths.—Statement of the problem.—Small submucron par-
ticles traveling inside the pores of a porous substrate (see
Fig. 1) are strongly aifected by the thermal fluctuations of
the fluid molecules and expenence Browruan motion. This
stochastic motion must be superimposed to the determun-
istic electrophoretic motion and electroosmotc induced
velocity which are primarily parallel to the direction of the
pore axis. The Brownian motion causes the particie to
cross streamlines and sample all possibie transverse posi-
tions which leads to the phenomenon known as Taylor dis-
persion.

Tracing down exactly the trajectory of a particie is there-
fore of no conseguence. What we seek is the probability
distribution that a particle entering the porous substrate
would reach a given depth and not be deposited on the
walls during its erratic mouon inside the pores. In addi-
tion, the very complex and random structure of the porous
substrate makes it impossible to obtain more than a formal
representation of the equations and boundary conditions.
The mathematical formulation must ninge on a simplified
geometrical model for the porous structure which would
be amenable to mathematcal anaiysis. One of the very
common approaches is to treat a singie pore as a long cur-
cular tube of mean pore diameter, its axis colinear with the
local superficial velocity direction. Such a mode] is handi-
capped by the fact that no pronounced lateral dispersion
of the particles across the porous substrate is allowed.
However, since only the mean iongitudinal particle motion
is sought, such a model is expected to provide valid results
on the main parameters affecting penetration depths. Fig-
ure 2 describes the basic geometncal and kinematical pa-
rameters applicable to the protlem.

The general differential equations governing the prob-
lem is Fokker-Planck's equation for the probability distn-
bution. In our case it assumes the form

%+V,-J,+V,-J,+V.-J.

1
= — H2HT — Tb(B - 681 {3]

o
where
J,=Up-DY,p, 3,=-D%p I =~DTp
D, = kTM, D,=kTM, D, =kTM, (4]
U= U+ U0

Here p{r. z, 8, Ure. 0. 8,) stands for the conditional proba-
bility that a particie imitsally located at (r,, 0. 8} reaches the
infinitesimal volume around (r. =, # after itme & The poiar
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fig. 2. The definition of the coordinate system and the geometricol
mode! for particle penetrotion.

coordinate system (r,z,8) coincides with the pore axis
where r stands for the radial distance from the pore axis, z
is the distance measured along the pore axis from the pore
entrance, and ¢ is the azimuthal angle. The symbol U
stands for the deterministic part of the velocity of the par-
dele, composed of its electrophoretic velocity and the elec-
troosmotic velocity of the suspending field. It must be
stressed that the interstitial low due electroosmosis U”
does not possess the commonly agreed upon parabolic
(Poiseuille) form (29). It is very well approximated by plug
flow (as shown in Fig. 2} for pore diameters larger than De-
bye's screening length (a condition normally met). Thus, U
is a uniform function with respect to the spatial coordi-
netes as long as the particie diameter is at least ten times
smaller than the pore diameter. The flux J, paraliel to the
axis of the pore depend on particle convection and diffu-
sion along the pore axis. whereas the fluxes J, and J, arise
from diffusion only. The diffusion coefficients D,, D,, and
D, the first one paraliel and the latter perpendicular to the
pore axis, depend on the absolute temperature T of the lig-
uid and the respective particle mobilities M,, M,, and M,.
This generalized Stokes-Einstein relationship provided in
Eq.[4] accounts for wall effects through the anisotropic
form of the mobility tensor. From the physical point of
view, it is obvious that the particle would experience un-
equal hydrodynamic resistance to its motion perpendicu-
lar and parallel to the pore axis. The mobility tensor com-
ponents were approximately evaluated in (30). It is shown
that, for particles of radius a small compared to their dis-
tance to the wall, the mobilities M,, M, and M, are approxi-
mately equal and possess the following form

M, ~ M, ~ M, ~ 1/(6xma) {5]

The boundary condition which must be satisfied by the
probability distribution p is

o t reb 6]
-D—= at r=
ar *P

where x is the local deposition rate and b stands for the
pore mean radius.

The left hand side of [6] represents the diffusional flux of
probability towards the pore walls whereas the right hand
side represents the probability that a particie located at
close proximity to the walls would indeed be deposited.
The numerical value of x depends on particle shape and di-
mension, electrostatic, and hydrodynamic forces and the
physical properties of the materials comprising the parti-
cles, the porous substrate, and the suspending liquid. In-

decd, it is extremely difficult to obtain x from first princi- -

ples. A feasible method to attain this end would be to
devise an experiment in which one would utilize the given
materials of the ceramic particles. porous substrate, and
liquid.

As for the downstream boundary conditior. we assume
that very far from the entrance p vanishes. This is in agree-
ment with the assumption of very long pores or, in other
words, that the particle is deposited on the walls long be.
fore it reaches the far end. A-posterior, the solution would
provide the condition for which this assumption can be
justified. In addition, we would assume that the in-
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tegral of p over the walls and the puik of the flwd is uruty
for ail times (this corresponds to assumung that a parucle
once it entered the pore is not allowed to escape). This con-
dition which is normally applied for Lagrangian formula-
tion of the problem, is also used here. It replaces the tradi-
tonal Danckwerts’ (43, 44) upstream boundary conditton
which is normally applied for an Eulenan representation
of a similar probiem. [t can be justified if one recalls that
the longitudinal dispersion is very small for the very short
times the particle stays close to the entrance. In other
words, the Brownian migration, which might cause the es-
cape of the particle, is negligibly small compared with the
longitudinal distances the particle travels due to convec-
tion during the short times it stays close to the entrance.

Analytical solution and results.—It is very useful to state
the nondimensional parameters and tme scaies of the
preblem before-we attempt to obtain an analytcal or nu-
merical solution of Eq. [3). It is easy to show from Eq.{1]
that the pertinent time scale within wiuch steady electro-
osmotic flow can be established is

e — 0

vE

where E is the externally applied electric field.

Simnilarly, it can be shown from Eq. (3], {4}, and (6] that
three time scales exist for the penetration process of
Browruan cerarnic particies into the porous substrate. The
first tme scale is linked with the convective term of the
Fokker-Planck equation, namely

[of

7:_
A7

{8}

which determines the time it would take the particle to
cross the porous slab.

The second time scale is related to the diffusive process.
namely, the time it takes a Browrnuan particle to cross
streamlines and sampile all radial positions inside the tube

b:
[ g
° D &)

The third time scale is obtained from boundary condi-
ton (6] and determunes the deposition rate, nameiy

b
TR = — {10]

X

If we assume that the Brownian partucles were inzo-
duced into the solution after elecroosmotic steady state
flow has been established, (I/ is ime independent) non-
dimensionalization of the Fokker-Planck equation and the
associated boundary conditions resuits in two nondimen-
sional parameters which determine the soiuton com-

pletely. The first parameter can be identified as the Feclet
number of the problem
Ub (U +LmMb
Pezm ot [l 1]
D D

which determines the relative significance of the convec-
tive process vis-a-vis the diffusive process.

The second nondimensional parameter, the Damkdohler-
number, determines the ratio between the diffusion and
the deposition time scales. npamely

b
A=2 X 1z

e D

Thus, large values of A mean that the depositior of parti-
cles on the cylinder walls is governed mawnly by diffusion,
whereas small values of A mean that deposition ts con.
trolled by the local depositicn rate.

An anaiytical solution of Eq.{3] {in its nondimensional
form) can readily be cbtained for the case in whic® U iginde-
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pendent of the radial coordinate r. Since U’ and U™ are in-
deed devoid of radial coordinate dependence for small par-
ticle radius to pore diameter ratios, a general solution for p
can be obtained. However, the exact initial location of the
Brownian particle is of no consequence if particles pene-
trate the pore at equally probable radial positions and
azimuthal angles, It is, therefore, reasonable to define a
new nonconditional probability distribution function P
based on the conditienal probability function p as follows

v
P(n.(.f)=b’j~[ Pin, £, 8, 7ing, 0, 89P(ne, 80dA  (13]

where we assume that P(ns, 82) = /A, is the uniform proba-
bility distribution of finding a particle at ime t = 0 at any
arbitrary location at the pore entrance and A, = =Rj is the
cross-section area of the pore.

The expression for the probability distribution P, as de-
fined by Eq.[13] is independent of the initial azimuthal
angie 8, and radial position 7, and though lengthy and te-
dious manipulations are required it is easier to derive

gred
P{ﬂv (9 ) ﬁ € z

as]

, nas)  oddeam) o
Here
T z Dt 15
Ay e ey f15]

and J, is the Bessel function of zero order.
The o, parameters are determined by the following in-
dicial equation
wli(a) = Mea) (16}
which has a countable number of roots e, (n =1,2,...).
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Fig. 3. The probability density P, vs. the dawnstre
distorce ¥/b.
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It is interesting to note that P is independent of § due to
the inherent axial symmetry of the problem.

Equations [14] and [16] can now be utilized to numeri-
cally compute more physically meaningful probabilities.
For exampie, if we are to inguire what is the probability
per unit length that a particie has deposited over the pore

2 |

04 1 Pe=0.1

0.4 1.0

'cobability density
=]
\"

021
(2 Y *
2.8 0.2 0.4 0.4 0.3 1.¢ 1.2
A
%2
=
k] Pe=0.1 /’ ;
b
©
» 1.0
3
2
e 0.1
.
[

Fig. 5. The probobility deasity P, vs. the Dm&ohl«'nu‘b,r.
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walls, a very long time after it has been introduced into the
system, we simply calculate

P
PG Pad)=~| | —| _,dr=
o P ) j. [h], Jdr = f: (Pl.dr  [17]
where the right hand side equality stems from boundary
condition [6} It is easy 10 show that

PP =01 S ( j ' n'Jq(am')dn')
L T3

o

(2 + adole)VE + 40’ (VP + 4l ~ P

Figure 3 illustrates the numerically computed values of
P, as a function of z for Peclet numbers 1 and 10 and A
values (.1, 0.5, and 1. The trend is very clear. High values of
A cause the probability density to decay very fast with z.
This means that most of the particies would deposit on the
walls very close to the pore entrance and deep penetration
cannot be achieved. Figure 4 illustrates P, as a function of
Peclet number P, for A values 0.1, 0.5, and 1 and for given
pare depths (2 = § and 1). It manifests the very important
role of particle convection. The probability density drops
significantly with the Peciet number P, thus a more even
distribution of particles is expected along the pore axis
and deeper penetration is expected. In Fig. 5 the probabil-
ity density is directly plotted vs. the Damkdhier number A
for Peclet values 0.1, 1.0, and 10 and two values of 2, show-
ing again the fast accumulation of particles near the pore
entrance for small values of Peclet number.

Figure 6 illustrates the foregoing conclusions vividly.
Based on the probability density P4 we can define a new
cumulative probability

(18)

P.= [:" Pyt (19}

which can physically be interpreted as the long time ratio
between the number of particles deposited over the pore
walls up to pore depth 2/b and the total number of particles
introduced at z = 0 and ¢ = 0. The figures elucidate the fact
that deep penetration (more than hundred pore diameters)
can be achieved only for very low Damkohler numbers
(,<0.1) and for wvery high Peclet numbers
(Pe > 100). Cases in which A = 0 would obviously result in
the deepest penetration. It might be achieved by introduc-
ing a repelling force between the particles and the pore
walls, stronger than van der Waals forces. The asymptotic
value of the cumulative probability for large values of z is
always unity, since after a long time the probability that a
particle has been deposited anywhere over the pore walls
is unity (the particle cannot disappear).

Figure 7 summarizes the foregoing results. We define the
penetration depth as the z/b value for which P, = 0.9. In
other words, 10% of the particies would pehetrate deeper
than the value shown in the figure for a given set of param-
eters, the Damkéhler number A and the Peclet number P,.
Obviously, the 0.9 numerical value chosen for P, is quite
arbitrary and a lower or a higher percentage could have
been chosen. The basic interpretation of the results, how-
ever, .sould remain unaitered. It is obvious from Fig. 7 that

- the penetration depth for a given value of A grows almost
linearly with the Peclet number (which is not at all surpris-
ing). The siope of the curves depends strongly on A; the
smaller the A value the deeper the particie penetration.

Conclusions

The following general conclusions can be drawn from
the foregoing analysis. Deep penetration and coating is
feasible by electrophoretic processes. Enhanced penetra-
tion is obtained for large electrophoretic Peclet numbers
and small Damkéhler numbers. Electroosmosis {(directly
dependent on the electroosmotic permeability vy and thus
on the sign of the wall zeta potential) increases the Peclet
number and thus penetration only if the electrnosmotic
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and electrophoretic velocities coincide in direction, i.e. {w
and [, possess the same signs. The diffusion coefficient of
the colloidal particles has & duaj effect: Decreasing diffu-
sion coefficient causes increasing FPeclet number which
has a favorable effect on penetration depth. Decreasing
diffusion coefficient causes increasing deposition rate
which has an untavorable effect on penetration depth. The
process can be controlied by a judicious selection of parti-
cle size and concentration, solution properties, electric
field intensity and its time protocokL

Quantitative comparison with expenmental results that
we presented in Part IT is not yet possible since only global
results of total mass deposition inside the pores was meas-
ured and not how mass is distributed inside the porous
slab (which is the main result we presented in this paper).
Further experimental work is required 10 analyze this very
important feature of deep electrophoretic deposition,
which will determine its advantage over other coating pro-
cesses. On the other hand, the total of mass deposited L
side the porous slab depends on the ratioc betveen the fiux
of particles depositing over the extenor surface of the slab
and flux of particles penetrating it Thus, further theoret-
cal work is required to determine this ratio dependence on
the process parameters before companson can be made
with the experiments conducted in Part I,

Notwithstanding, several recommendations based on
the theoretical results were made anc found in qualitative
agreement with experiment, e.g. the electroosmotic per-
meability depends linearly on the ratio ¢m which depends
solely on solvent properties. Enhancement of penetration
is predicted to occur if this ratio is hugh. Several liquids
were examined (water, isopropanol, ethanol, and pentanol)
and water possessing the highest ratio has shown the best
results (Fig.9 in PartIl). A rather limited guantitative
comparison with Fig. 8 in Part IT can be made. We calcu-
late the ratio of SiO; percentile of particles deposited in-
side porous graphite snd migrating in a certain solvent to
SiO, percentile of particles migrating in a given solvent,
say, water,

solvent y{theory) y(experitment)
Pentanol 0.052 0.078
Propanol 0.112 029
Ethanol 0.283 0.42
where

%SiOsolvent)

%SiOfwater)
The foregoing table reveals that the trend predicted in
this paper is defirutely correct and there is a fixed bias

which can be attributed to inaccuracies (n measurements
(difficuity in removing the deposit over the extefior sur.

.
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face of the graphite slab), variations in zeta potentials and
mathematical model simplifications.

Acknowledgment

Research sponsored by the Air Force Office of Scientific
Research Air Force Systems Command U.S.A.F. under
Grant No. AFSOR 89-0474. The U.S. Government is Au-
thorized to reproduce and distribute reprints for Govern-
mental purposes notwithstanding any copyright notation
thereon. H]

Manuscript submitted Feb. 15, 1991; revised manuscript
received Oct. 17, 1991.

APPENDIX

The flow through porous media generated by an electric
gﬁt:mial gradient is discussed in (28) and is briefly recapi-
ted.

The governing field equations for the flow through a
long circular tube induced by an electric potential gradient
are based on Stokes’ equations for low Reynolds number
flows. i.e.

Wv=Vp, V:.v=0 [A-1]

where v and p are the velocity and pressure fields and n
stands for the viscosity of the fluid. The boundary condi-
tions which the velocity field satisfies over the cylinder
walls are (17)

- 0
v,.=i—, v.=0 atr=>% [A-2)
4mm 82

where ¢ is the dielectric constant of the fluid. [,, is the zeta
potential at the cylinder wall, 4 stands for the electric po-
tential. b is the radius of the tube and (7, z} are polar coordi-
nates. the z coordinate coinciding with the cylinder axis, It
should be noted that the no-slip condition can no longer be
applied and in its place we use condition {A-2].

The solution for v is easily derived for a fully developed
flow, namely, 4v/4z = 0. It is a simple superposition of the
effects of the pressure gradient and the electric potential

gradient. Integrating over the tube cross section, the mean -

interstitial velocity s obtained

3
L Ll [A-3)

Integrating over the entire cross section of the porous
medium the superficial velocity is

€, <b'>/<bdb> 9p _ el 30
87 3z 4mm oz

V, =

[A4

where ¢, stands for the medium porosity.

Since a homogeneous porous medium contains pores in
all possible directions, a similar procedure can be applied
for pores oriented along the x and y directions. Expres-
sions similar to [A-4] can be obtained for v, and v, and fur-
ther generalized to derive the following expression for v in
vectorial notation

v=~[Vp- Ve [A-5]
where .
e, <bi>1<b?> €lw
& R (A¢)
8n 41

Here T and v can be viewed as the hydrodynamic and
electric permeabilities, respectively. Equation {A-5] can be
viewed as a generalization of Darcy's law for the case
where an electrical potential gradient as well as a pressure
gradient is imposed over a porous medium. It is obvious
that these two forces are decoupled and a potential gradi-
ent alone can induce electroosmotic flow inside a porous
structure. Increasing the electrical permeahbility, v, would
cause an increase in the electroosmotic flow. Thus, an in-
crease in medium porosity, fluid dielectric constant, and
zeta-potential of the pore walls and decrease in fluid vis-
cosity would cause enhanced flow through a porous struc-
iure for a given potential gradient.

In addition, one must satisfy mass conservation which
results in the following continuity equation for wncomn-
pressible fluid

V.v=90 {A-7)

Equations {A-5] and [A-7) and the appropnate boundary
conditions on ¢ and p do not constitute a complete set by
which the velocity, pressure, and potential fields can be
evaluated. An additional relation between the flux of the
electnic charge ) and the electric potential and pressure
gradient can be established in a manner sumilar to the den-
vation of Eq. [A-53]

i=-vp- K% {A-8]

where K_is the electric conductivity. It is interesting to
note that v appears both in Eq.[A-5] and Eq.[A-8] in full
agreement with Onsager’s reciprocal rule. The exact evaiu-
ation of K is of no interest at the moment and will not be
addressed. Similar to Eq. {A-7] we obtain

Voi=0 (A-9)

which is simply Kirchoff's law applied to a porous
medium.

Utilizing Eq. [A-5}, [A-T],[A-8], and (A-9] it is easy to show
that ¢ and p can be decoupled and satisfy the following
equations for a homogeneous medium

Vig = Vip =0 [A-10]

i.e., ¢ and p are harmonic functions which can easily be de-
rived for a given set of boundary conditions.

‘Equations [A-5}, [A-8) and [A-10] consutute the main re-
sults of (28).
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Deep Electrophoretic Penetration and Deposition of Ceramic

Particles Inside Porous Substrates
Il. Experimental Model

L. Gal-Or, S. Liubovich, and S. Haber

Department of Mechanical Engineering and Institute of Mezais Technion,
Israel Instuute of Technology, Haife 32000, Israei

ABSTRACT

The objective of the present study was to experimentally evaluate the feasibility of depositing ceramic particles on the
surface of a porous substrate and inducing them 1nto 1t by electrophoresis. It was demonstrated that it is possible to charge
and electrophoretically deposit both oxide (fused and colloidal SiO») and nonoxide (SiC and SiN) cerarmucs on a conduc-
tive graphite substrate. It was also shown that ceramic partcles are induced into porous graphite, and that under optimai
conditions the whole cross section of the specimens was penetrated. The amount of induced material was found to in-
crease with the ratio of dielectric constant to viscosity (e-n) of the solvent, as well as with particle concentration and fieid

intensity. However, due to simultaneous buildup of an overlying deposit, penetration as a function of deposition time
reacnes a plateau prior to the filling of the whole pore volume.

Electrophoretic deposition is obtained via migration of
nonconductive electrically charged particles in an electric
field towards one of the electrodes.

Two different charging modes are attributed to ceramic
particles (1); a dissociation mode, such as the dissociation
of silanol groups present in silica: SiOH + OH- —
=Si0” -~ H;0 (negatively charged particles), and an ao-
sorption mode, such as the absorption of H* from water or
from weak acids: nANOH),~ HNO;— [AIOH)L.
=H"* + xNQ; (positvely charged particles).

Usually the polarity of the particies has to be determined
expenmentally, as the charge 1s acquired spontanecusly
on muxing the particies with the solvent. and it may be re-
versed upon addition »f ionic compounds.

The surface charge, once formed, is then balanced by
ions of an opposite charge derived from the solution, and
thus a double laver 1s formed around it.

According to the model proposed by Stern. this double
layer consists of a ngid part with a linear potential gradi-
ent, and a diffuse part with a nonlinear potential gradient
termed “zeta patential” (2).

When an electric field is applied to a charged particle, the
latter tends to migrate towards the electrode with the op-
posite charge. Its velocity, however, is siowed down by the
drag acuon of the swrounding double layer, which is
pulled in the opposite direction by the field.

The mooility of the particle in an unbounded fluid is de-
rived by equating the electric force with the frictional re-
sistance and the relaxation force. Consequently, the mooil-
ity u is gaven by

u = Eel/dmm {1 + flkr))

where u = mobility, E = field strength, ¢ = dielectric con-
stant of fluid, { = zeta potenual of particles, n = viscosity of
ﬂu;d. k = l/double layer thuckness, and r = radius of par-
ticle.

fikr), which varies between 0 and 1 for small and large
values of kr, respecuvejy, represents the relaxation pne-

nomenon, for k <<<r, the above expression reduces to
the Smolucnowski equauon, namely

u=(E X ¢ X D/4mm

u varnies beteween 0 and 20 x 10* ervs/iviem
The electrophoretic yeid is gaiven by

v = a [ uECSdt

where a = yield constang, ¢ = conc. of particles, S = area of
electrode. and ¢ = time.

In the equations abave it is assumed that the contribu.
tion of the hydrodynamuc velocity to deposition is negig-
ble; its roie being confmed to mauntenance of the suspen-
sion. As for the phenomena that take place at the
electrode. once the paracies reach it, three possibilities are
considered.

One bypothesis is that the partdcles undergo an eiectrode
reaction which neuwalizes them. This, however, does not
account for the fact that deposits were obtatned an a poly-
meric diaphragm located between two electrodes (4).

The second hypotnesis states that the partcies are
brought to the electrode by a field which exerts suffcient
force to overcome their mutual repulsion. thus allowing
them to come close enough for the London-van der Waals
forces of attraction to predominate (5). According to the
Verwey and Qverbeek (5), the mini;nal field strength nec-
essary for this purpose (caiculated from the energy of par-
ticles interaction) 15

E - 2F3elr

A third hypothesis assumes that secondary processes
taking place at the electrode can produce jons which
coagulate the particles by discharging them, or produce
hydroxides wnich polymenze and adsorb on partcies,
thus holding them together (6).

In the previcus discussion the assumption was that the
parucle 1s suspended in an unbounded Swd. When ejectro-
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Fig. 1. Egg-shaped ionic cioud and forces acting on a moving pornicle.”

phoresis in porous structures is considered. the presence
of rigid boundaries affects both the electric field and the
velocity of the particles. According to Anderson (7-9) the
effect of the pore wall on particie velocity 1s threefold: the
appiied electric field exerts a force on the d.L at the pore
wall if the latter is charged. Electroosmotc Jow of the
fluid is thus produced. which either augments or opposes
the eiectrophoretic veiocity of the parucie. depending on
the polanty of {, vs. {.; the pore wail distorts the electnc
flux around the parucie. thereby intensifying the local
electnc fieid so that particie veiocity 1s augmented: and the
pore wall creates additional viscous stresses in the fiwud
which slow down the particle. A more detailed analysis of
electrophoretic penetration is given u1 another report on
this study (10).

Parameters which affect electrophoretic deposition and
penewration are zeta potential of the particles. partcle size,
particle concentration, dielectric constant and viscosity of
solvent. electric feld strength, and time.

In this work the feasibility of electrophoretic deposituon
of several kinds of cerarnic parucies was first evaluated,
afler which the effect of severai deposition parameters on
the amount of colloidal SiO; induced into the pores of the
substrate was studied.

Experimental Procedure

The deposition and impregnation experiments were car.
ried out on porous graphite substrates. The graphite was
UCAR Grade 45, with 48% volume porosity and an average
pore size of 60 Specimens of 20 x 20 x 7 mm were most
often used. The ceramic powders deposited were: colloidal
SiOy, Pytogemic Aeresil. submicron with a specific area of
450 m*g; fused Si0p - 140u:  SiC - <404; and
SiN - 0.2-1.0u. The ceramuc particles were susoended in
water, 1sopropanol. ethanol and pentanol. The partcle
toncenwauons were 3, 13, and 30 gA.

Deposiuon was carried out at constant voltage. with the
current decreasing with time. Electic field strength was
vanied between 5 and 150 V/cm and deposinon time be-
tween 5 and 120 min.

Prior to deposition. specimens were ninsed w-*h acetone
for 5 min 1n an ultrasoruc bath. After deposition they were
dried in air for 24 h before exarmunauon. For quantutatuve
determination of the impregnated matenial {(colloidal Si0,
only) specimens were weighed before and after deposition
to an accuracy of 0.1 mg. In this case the external deposit
was removed physically before weighing. As a cross-
check, the amount of SiO; induced tnto the porous struc-
ture was determuned by weighing the residue after burn-
off of the graphite at 350°C for 20 h.

Fig. 2. “Graen” depouts of SiC, SiN, ond fused 5i0, (from iett 10
nght) on graphite.
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Fig. 3. Colloidal 5i0; deposit on grapht

The specimens were exammured »y optical and electron
microscopy both on the surface and in cross secuon. The
cross secnons were obtained by fractunng the specimen
after removal of the externai deposit

Results

A macroscopic view of deposits of SiC. SiN. and fused
SiOq is seen 1n Fig. 2. The deposits were in a “gresn” state
(unsintered), and since no special precauucns nad been
taken, the deposits cracked dunng drying. The colloidal
Si0, formed a wansparent deposit and is therefore pre-
sented at larger magrufication in the SEM (Fig. 3). which
shows a fiuffy feather-like substance.

The presence of colloidal Si0O, in the pores of the graph-
ite was demonstrated by examnng the cross section of a
specimen by SEM (Fig. 4 and mappiwng the Si (Fig. 5 on
the same area. Clusters of colioidal SiQy are seen inside the
cross section, the distnibution of elemental Si coinaiding
with the clusters.

Figure 6 shows the skeieton of Si0; whnich remained
after burn-off of the grapnite at 300°C for 2 h. Presence of
the Si0, in the cross secuon of the skeieton 15 seen in
¥ig. 1.

Quantitative data of the penetrated Si0O, as functon of
solvent properties and deposition parameters. are Qiven in
Fig. 8-11. The amount of Si0, is expressed as weight per-
cent of the specimen.

The amount of penetrated Si0, as a funcuon of the rauo
between dielectric constant and viscosity of the soivent s
shown 1n Fig. 8 for constant field. SiO; concentaton in

Fig. 4. Colloidal 5i0y cluster mside the porous qmphm‘(_vicv of o
crozs sechon).
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Fig. 5. X-ray mapping for 3i on area in Fig. 4.

ccivent, and depeositon arn
vent properues is reveaied.

The aependence on the feic intensity for three d:fferent
2:0, concenrmanons it water and £or two concenTanons in
cropanos i1 @iven in Fig. 9. To eacn concenmauon. Wiere
sarresponas an opumal feid. The S10; concenmanon in
‘e soiven: afferts the amount of penetated Si0O. for oth-
eranse idenncal conditions: s is seen it Fig. 10 for depo-
simon Som water and from propanoi.

The etfect of deposition ume on the amount of pene-
=ated SiC- is shown in F1g. il agawn for depositon Som
water anc Sox propanol

. A strong infuence of the soi-

Discussion
The feamniity of dennanting owvide and nonoxide ce
marucs on an etectically conguctive sucsmate by eiectro-
phores<:s i1s demonstrated :n Fig. 1.
Charzing of the SiO. parucies 15 propably the conse-
juence of dissociation of sianoi groups wn the siiica

—Si0OH - OH — «3:10™ - H,0

The cnargs, thus gbtainec. is negatve ana, in facy the par-
tcies mugrate towards the anoqe in the eiecinc cacwit
Tharzng of nonoxide ceramics uKes blace propapbiv via
an asserooon mecnanis. with SiC acoumnng a negatve
coarge and geposiung on tne ancce. anc SIN acguining a
Dosiuve cnarfe and depoesiung on the cawnoge.

The cracks in the coaung formed during dr¥ing as a re-
sult of sonnkage. A stucdy 15 cwrrentiy unaer way to mod:ify

the Grying procequre 5o 4nal conwacuon swesses will oo

minimized and CrACIOng prevented.
In oider to venfy the pessibility of the inducnion of _e-
aruc paracies i

the pores, cross secticns of coated

Fig. 7. Csoss secnon of skeieton in Fig. &.

o

graphite were preparec v Iachinng whe specimens The
presence of SiC: ciusiers in the cross secuon 1S evicenceq
both morpaciogicaily 1 Fig. 3 ang DV Zueroanaivsis .o
Fig. 4 The ciusters vary 1o size, pOssioly redecsng Wie van-

To100 Voo T water:

Fig. 8. Amount ot 510, that penetrated the porous grac - "¢ from van-
Sus sotvents.
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Fig. 10. A of p ed 5i0, a3 a function of its concentration

in the soivent.

ation of pore size. The distribution o. elemental Si coin-
cides, as expected, with ciuster locations.

A most interesting resuit was obtained during quantita-
tive determination of the impregnated SiO.. It was found
that in specimens in which the induced Si0, was at the
higher ievels (such as 0.6-2.5%) a 5i0, skeleton of the same
shape and dimenstons as the criginal specimen rematned
after removal of the graphite. Moreover, the presence of
the Si0O, throughout the cross section of the skeleton indi-
cates unpregnauon of the whoie crass section of the
specirnen.

The eifect of solvent properties on penetration can be
predicted from the theoretical analysis in Ref. (10). Pene-
tration is enhanced at large Peclet numbers

Pe=—U—b-
D

where [J is the parucle velocity, b the mean pore radius.
and D the diffusion coefficient of the particle. The electro-
phoretic veloesty is proportional to ew of the soivent. Four
solvents were tested with ¢+n ratos ranging from 4.2 for
pentanol to 81 for water. As predicted, the amount of pene-
trated SiO: increased with this ratio (Fig. 7).

The electric field has a dual effect on the extent of part-

cle penetration. Due to increase of the particia velocity and
Peclet number with field strength. penetration is en-
hanced by it. However, the field also enhances the build-
up of an external deposit on the substrate, which blocks
penetration. Therefore, there exists an opumai field
strength (Fig. 8), its value decreasing with increased parti-
cle concentration, because of faster buildup of the external
coating at hugher concentrations.
) Penetration increases with particle concentration both
in water and propanol. At low feld strengths (5 Vicrm) the
relanonsmip is lnear for the range of concentrauocns
studied (Fig. 9.

t (min)

time on of p

d S,

Fig. 11. Effect of deposit

Penetraton increases with deposition time, but reaches
a plateau after a pertod whuch depends on soivent concen-
traaon anc fieild strength. The fact that the plateau 15
reached before full impregnation of the pores is probaoly
due to the blockage by the externai coaung. Thus, the ex-
tent of penetration could be increased if a way is found ta
prevent surface deposition.

Conclusions

A vanety of ceramic materials, both oxides and nonox-
ides. were deposited electrophoretcally on a porous
graphite substrate. In addition to the formation of surface
deposits. electrophoretnc induction of ceramic partcies
into the porous substrate was demonstrated.

Quanttative studies of the amount of penetrated mate-
nal as a function of deposition pararreters were carried out
for colloidal SiO,. It was shown that penetration is en-
huanced by a high dielectric constant and low viscosity of
the soivent, by particle concenwation. and by fieid
stwrength. Due to simultaneous buildup of an externai de.
posit. a plateau is reached in the extent of penetration as a
function of drae, prior to the filling of the whole pore voi-
ume. Preveation or inhibition of surface deposiuon wouid
{=vor an increased extent of penetration.
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Electrolytic ZrO, Coatings
l. Electrochemical Aspects
L. Gal-Or, 1. Silberman, and R. Chaim
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Heire. 22000. Israe:

ABSTRACT

ZrQO. coaungs were deposited or. graphite znd ttaruum from 2n agqueous Soiution tased O 2 waler-so1uDie DreTursor.

8 ’“O-S’L"D mecsnarisin is sugg°st°u forine Zro- AOmIEQOI‘. generauon 0 nyv
the nycroxy: 10ns WIth mroonyi

ducnan of NC;: anc cissowvec 0. anc tnen reacuon of
O.A.A Mne n\'

I':alinecanosic sUDsTale OV
Ons Dreson: noLne t'\__‘dgf 1%

roxyviionstOH

roxide Zr{OH), Wruch 1t 1urn gecomposes on arving 1o vieid 2rconta «ZrO... T aradauc efinensies 07 25.70%

vere found. arwibutabie to reduction reacuons that 4o not procuce nycroxyiions. as wel as to IO'T’}BLJOD ol e nverox:ae

.1 Sites removed from the catnodic supstrate due to dif fusxon of the hvdroxviions. The effects of curent densiuiy. =
WwCroginamice condiuons on craung weighl, celi voltage. 12

Ceramiz coanngs are currentiy of much interest for ap-
Lications 1n high-iemperature anc savereiv coITosive en-
ironmenss. A vanety of metnods are avaiiaoie for thewr
rroduction. mnciucing piasma spraving (1. 2. chermical
-apor deposiuon (CVD) and spunening (1). and soi-gel pro-
esses (3-3).

Formauon of ceramic coatings by elecwochernical
neans 1s a relatively new technugue and has been de-
«cribed by Switzer (6, 7) in appiication 10 syninesis of ce-
-amie {ilms and powders. It presents several advantages
wer alternative coating techruaues: wne thickness and
norphoiogy of the deposit can pe controlled oy the elec-
rochermical parameters: reiativeiv uniform deposits are
yolainapse on complex shapes: Lie deposiuon rate 1Is
ugher than for most other methods, and the squipment 1s
»f low cos: (8:. Oxides and hveroxides (6-10) were depos-
ted by a redox change reacuon mguced on e anoge. For-
Tation of a cerarnic oXide througn catnodic reactons was
iemonswatec om\ recently by Swiwzer witn CeO-. and
Zr0. coaungs (6. 7.

In <he presen: wor}:. deposiuon of zirconia ¢Z:0.) from
an aqueous solution of zirconyi niwrate {ZrO(NQ,).! was
studied. The sequence of reactions leading 10 oxide forma-
10N 1S expected to pe the following:

() di1ssociauon of the zirconye sali {11)

ZrO(NOQy). — Zr0°" - INO;
(11} hydrolysis of the zirconvl ion
Zr0 ~ H,O — Zr(CH)"

(i) interaction of the hvdrated zauon with OH- ions
generated at the catnode by regucluon reacuons gescribed
er on

Zr(OH),;** - 2 OH~ — Zr(OH),
(1v) denvdration of the hydroxide
Zr(OH)y — Zr0. =~ 2H.O

The cathodic reactions that generate OH° and their
standard and equiliboum potenuais caicuiated with the
ad of the Nernst equation are

(1) Oy -~ 2H,0 ~ de =4 OH" E, = 0.401 V NHE!
. = 1.019 VNHE

(at 35°C)

m

' Normai hvdrogen eiectroge.

meE.anc

mperatuvre, anc pi ol 1ne soiution were studiec.

igssumung s concentrauon of £ mgliter of O
Os ~ 4E* -~ e = 2H.,0 £.= : ”‘00“\""’
e =
(vi) reduction of the NQOJ ions
NO; ~ H,0 ~ Ze= NO; - 2 QH" E,=0010VIHE
T = 099" VNHE

(At a 0.1M concentration o. nitrate: the concentrauion of
NO? is assumed to be half of that of OH" denved from the
pH of the soiutior.)

(i1} reducton of H,

I‘.H-_-O ~-2de= Sg - 20RK- Zo = =088 VNEE
Heg = 163N

NIL

The anodic reazusn wnich 0CTUrs simulianeous:y s

H:o-—kl- N :

'I'hus the DVG!'O).IQE mayv form 1 twWo successive siens:
eiegirocnernical generauon of OX°. an2 & cnemta reac-
110N between tne jatler ang tne2 Iroonyi cauons. Toe pres-
ent paper aescribes the effects of the eiectrocnemica aep-
osition parameters on the formauon rate of tne Z:C.
coaungs.

c-le

Experimental Procedure

The deposits were opiained on two diffarent sassiates.
preparec w1 the form of 2 x 10 x 20 mm spe".me::s 13 PoO-
rous grapaite (UC grage 43) and (11) commerciaily s o -
tanium (ASTM B-263-38T). The grapnite specimens were
polished with a 1000 gnit SiC abrasive paper. ancé the Th
plates macnined and the'. poiished with 187 gni paper. AL
specimens were then rinsed with etnano; in «n wWiraso:
bath. then washed with disullec water anc cned i au

The etecroivte used was a 0.1M acueous so’;unon of

ZrO{NOy)» - nH,0, with an utal pH vaiue of 2.2.

A power supply, Hipotromcs 801-1A. was used. and cell
voltage and current were measured witn AVOmeters.
Polarization curves were optamnied with a PAR Mode: 27
rotentiosiat. Deposits were optained al current gensiyes
ranging rom 3 to 100 mAvem®. and auralions ol
10.80 mun. Wt tne course of WUCh the cell voltage, e pH.
anc temperature of tne soiUDON were measurec. Mast ox-
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Fig. 1. Cathodic poignizonion cutves tor graphite in 0.1M ZrO{NQ,), -
nH,0, at 2 mVrs scan. Stirved vs. unsnirred solution,

periments were performed withou: surming. some with
stiTIng.

The deposits were dried in air at room iemperature.
Coating weignts were determuned by weigning the speci.
mens before and after geposition. A1thin an accuracy of
=0.05 mg. Sorme of the deposits were submitted to sinter-
ing treatments. {or mcros.ructural studies reported in
Par Il of thus senes (12).

Resuits and Discussion

The results described beiow refer only to the graphite
specinens. Cathodic polarization curves for the graphite
vs. saturated calomei electrode (SCE) in 0.1M ZrOMO,);
are shown in Fig. 1.

For the unstrred soiution. two polarization regions were
observed, represenung reduction reaction associated with
activauon- anc concentration-tvpe polarizauon regimes,
respectively. Due to the himitations of the potenuostat
(imned to -4 V). the maximal current density (c.d.}
achueved was limited to 53 mAsem?. The curve odbtained for
the stred sojution does not show domains of limited c.d.

in keeping with the order of the electrochemucal poten-
tals of the various reduction reactions. the first reaction in
the polarization curve 15 probabiv a reduction of dissolved

)
O

g

§

CIGHT {ing)
&
o -

g

i R B~ R s RTe"s
CURRENT DENSITY (mA/cm?)

Fig. 2. Coating werght as function of current density for constant
deposition time at 60 min.
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Fig. 3. Cogting weight os function of deposition time tor vanous cur-
rent densities.

Q.. overiapping parually the second reacuor wnieh 1s re.
duction of the NOy i1ons. The third reaction axing piace a:
c.8.'s above 33 mAsem?. 1s expected 1o be reaucuon of B
The discrepancy between the theoreucal potenuals anc
the vaiues in the polarnization curves are attputed by over-
potenuals inheren: to the substrate and onmit overpoten-
uals due 1o nvdroxide deposit.

The dependence of coaung weight on the ¢.<. for 2 zon-
stant geposition ume of 60 min s shown tn Fig. 2. As cowid
be expected. welgnt intreases with culren: aensity. anc
the observed three modes of dependence. apparentiy re.
fiext the three cathodic reacuons.

The firs: pan of the curve {iow c.d.’s of 0-13 mAsem® s
characterized by 2 relauvely moderate (Jow deposiuorn
rate) slope (0.7 mg - cmomA;. associated with a Jow geners-
tion rate of OH" from reduction of O, isee fig. 11 Tne
steeper siope in the secongd part (15-75 mAscm?®; represents
a higher rate of deposit formauon. associated with a nign
rate of OH- generation from the reduction of NOj. The
third pant (75.100 mAscm?! 15 agan associated with a reja-
uvely moderate siope. due in this case to onset of reauc-
tion of H* ions to form H,. a reacuon that does not produce
OH" jons. and hence does not contnbute to gepos: for-
mauon.

The depencence of coaung weight on genosiuon time
for two d:fferen: c.c.’s 1s snown 1 Fig. 3. Coating weien:
\ncreases with time 1n a decejeraung manne:r. Suring 12
seen to cause a significan: requction 1n the deposiiior. rate
(Fig. 4). probably by faciitating mugration of O~ from tne
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Fig. 5. Coahing werght o3 function of electric charge. Theoretical vs.
experimentol resuits.

cathode into the bulk of the solution, so that the hydroxide
formed does not accumulate on the cathode.

At high c.d.’s (above 75 mAscm?), “strings” of gas bub-
bles were observed after a certain time, emerging from the
surface of the coated substrate and demonstrating the re-
duction of H" to H,.

The faradaic efficiency is relatively low and is presented
in Fig. 5 as the actual coating weight compared with the
theoreucal weight. assurung that the eiecuis charge
served exclusively for generation of OH" ‘ons. It was also
assumed that ali electrosynthesized ZrQO. c¢eposited on the
substrate. The deviation of the actual coating efficiency
from the theoretical values may be attributed due to the
following possible phenomena: (i) Charge-transfer reac-
tions that do not produce OH- ions. (ii) Consumption of
QH- by H* ions present in the original solution and gener-
ated at the anode. (iii) Undeposited Z{OH), formed in the
bulk of the solution.

The dependence of cell voltage on deposition time for
different c¢.d.'s 15 shown in Fig. 6. The voltage 1s seen to in-
crease with c.d. for a constant deposition time. At higher
current densities, the voltage stabilizes at shorter tirnes.
This behawvior 1s related to the mechanism of the coaung
formaton. In the initial stage of the coating process, the
cathodic substrate 15 conductive and OH" ions are gener-
ated over its entire surface. Due to the porosity of the sub-
strate. a porous coatng is initially formed. As the coating
process progresses. the deposit becomes denser and
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Fig. 7. Solution temperature at function of deposition time for vani.
ous current densities.

thicker. and its electrical resistance increases. with the at.
tendant increase i both cell voltage and soiution tempera-
ture. The change in electnic resistance 1s responsible 1n
parn for the accentuated limiting c.d.'s and the relativelv
high potentials observed in the cathodic polanzatuon curve
of the unsurred solution (Fig. 1). After a certain ume. the
cell voltage reaches a maximum. but the deposit continues
to form while undergoing local breakdowns manifested in
“strings” of gas bubbles. These breakdowns create sites of
stronger reduction currents, which in turn enable the de-
pos%it process to continue without further increase sn the
cell voltage. The deposit thus consists of two lavers {see
Fig. 1 in Ref. (12)]: a thin dense layer formed in the first
stage and a relatively thicker one formed in the second.
The morphology of the deposit is in agreement with the
proposed mechanism for forration of thick coatings.

The dependence of solution temperature on deposition
time is shown in Fig. 7. at vanous c.d.'s. It is seen that ini-
tially (for the first 10 min or so). the temperature level
varies within a fairly narrow range. irrespective of the c.d.;
but in the longer run it nises drastically—the higher the
c.d.. the steeper the rise. This thermal effect 1s due 10 the
inerease n electnic resistance. caused by formauon of the
deposit.

The temperature increase may affect the diffusion rate of
OH- away from the cathode and that of Zr{OH);** toward
it. Thus, 1t would be desirabie to control the temperature
during the coating expenments by stirring the solution.

25y
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100ImA /cm?)

o T B T WY, R Y- ST
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Fig. 8. pH of winiion. as function uf epouihion hme for various cur-
rent denunas.
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This, however, would interfere with deposit accumulation
on the cathode. Coatng weight of nickel hydroxide was re-
ported (13) to be unaffected by moderate agitation of the
concentrated solution. In this regard. coating weight 1s ex-
pected to be influenced when jow-concentrauon sclutions
and severe sturing conditions are used.

The ime parttern of the pH level of the solution 1s shown
in Fig. 8. Below 40 mA/em?, the pH vaned little, but at
hgher c.d.’s significant decreases were observed already
from the outset. It should be mentionead that the pH was
measured in the bulk of the unsurred solution: local read-
ings at the cathode may show an increase in pH due to the
OH- ions. The explanation may be that the pH as meas-
ured was governed by the H" ions generated at the anode.
since the OH" ions formed at the cathode were used up in
deposit formation without contributing to the resultant pH
of the bulk solution. -

The present work demonstrated the potentialities of the
electrojvtic method for producing ZrO, coatings, with rela-
tively easy controi of their thickness. However, 1t is neces-
sary to control the drying stage in order to achieve sound
and crack-free coatings. Optimal conditions for the forma-
tion of ZrO. coatings are low current densities and short
coaing imes, in view o1 the nonconducuve nature of this
oxide.
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Electrolytic ZrO, Coatings

I1. Microstructural Aspects

R. Chaim, 1. Silberman, and L. Gal-Or

Depariment of Matenais Engineering and Israel Institute of Metals, Technion./srael [nstitute of Technology,
Haifa, 32000. Israel

ABSTRACT

Zircorua coatngs were formed on graphite and titanium substrates by electrodeposition. The as-depasited cozungs
were amorpnous and cracked during the drying stage. Sintering of the coatings on the graphite substrates caused crystai-
Lization. with formation of a vanety of muxtures of the tetragonal and monochnic ZrQ. polymorphs having nanosize crys.
tallites. Oxidation of the Ti substrate and reaction with zirconia during the heat-treatment resulted in addition 1o a micro-

structure resembling ceramic composite coatings.

Ceramuc functional coatings on metallic and ceramic
substrates are currently under extensive investigations.
An electrochemical route based on an electrophoretic pro-
cess has been applied largely for ceramuc coatings (1-4).
Since this technique makes use of a ceramuc powder sus-
pension. the finai microstructure of the coating is strongiy
influenced by the powder characteristics. The thun-film
Sol-Gel technique (3) and electrolytic deposition of ce-
rarmic coatings directly from an agueous solution, de-
velaped recently (6-10), enable control of coating composi-
tion and nucrostructure through the chemical. elec-
trochemical. and firing process parameters.

The present paper deals with mucrostructural evolution
of the electrolytically formed zircomia coatings on two
types of substrates: graphite and titanium. Although from
the technological point of view these substrates were con-
sidered to be equally important, their chemical reactions
with the zircorua coating are expected to differ signifi-
cantly. and thus evoive vanous mucrostructures within the
fired coating.

Experimental Procedure

The detaiis of the substrate matenais, chemical solution.
and the ejectrochemucal coating parameters were de-
scribed in Part 1 of thus senies (11).

The deposits formed on the substrates were dned in air

at room temperature. Firing was carmed out at 400 and
600°C in air. and at 900°C in argon for | h for the graphite
substrates. The coated titanjum substrates were fired at
780°C for 1 hin aur.
* The microstructure and composition of the zirconsa
coatings were characterized after the different stages of
the process. using optical and scanning electron micros-
copy (SEM) (Model JSM-840), equipped with energy-
dispersive spectroscopy (EDS). The phase content and the
crystallite size were determined by x-ray diffraction (XRD)
with a diffractometer (Model PW-1820) operated at 40 kV
and 40 mA. using monochromatized Cu k-alpha radiation.
at a scanning speed of 0.4 {degreermun}.

Results and Discussion

The as-deposited coatings appeared as a transparent vis-
cous fluid, especially at high current densities and long
coating durations. where thick deposits were visually ob-
<arvable. In siiu microscopical observations showed de-
veiopment of cracks within the coating laver on graphite
during the dnnng process. The wet deposit contained
many bubbles. Dunng drving some of the bubbles coa-
iesced to form larger ones. while others were expeiled
{rorn tne deposit and migrated 16 1ts swiace The buopbles




3]

-z
-t

Fig. §. SEM imoges of dried 2irconia coatings on grophite resembie a
“crocked-mud” morphology both tor 1a) thin cogting {25 mAscm* tor
15 min) and (b} thick coating (25 mAsem: tor 75 ming. Thick cogrings
are otten composed of two iavers (¢) Cross section shows penetration
of the coating wnto pores ot the grapnite.

resuiting trom tne drving process were opserved only for
Erapnite substrates and oresumaniy resuil from entrapped
Zases within pores, wnicn are not present in T substrates.
During the drving process c:scontinuities formed within
e coatuing, wrich pecame aeep Cracks toward the end of
e process. The resullant cL,alng taver nad a 'crackea-
mud” gppearance tas shownan Fig 1 and 2t irtespecuve of
ne supstrate materiai. In Loin svstems. e NONUNIOIM
Tontraction of the wet Coatung was atiriouted to these sur-
408 mIcrocracks.

THe coaling weight ana thus 15 thickness was tound 1o
MCrease with mcrease wun W oertatn vaiues: of the current
“ensitv and the coating auration Thicker coatings snoweq
Arger 15lands in the STackes mud morsnooey.
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Fig 2. SEM images of dried rircomie costings on 71 showing the
“crocked-mud” morpnoiogy This feotureiess surtace morphology 1§
charoctenstic of the amorphous nature of the coating (bl At tuaner
magnihcations, no drying poois are visibie «n coatings on Tt

cess. as discussed in Ref {11, SEM obsermvauorn o ihe
coallng Cross sSecuons nave cieaniv nown e coslini
build-up at the surtace porosityv :Fig l¢

X-rav diffraction patterns of the drv as-aeposiied
coatings and of the fired coaungs are snown:n Fig Zans 5
for the grapnite ana Lanum s8osrates res, ectvoy T

coaung lavers pelore nning nave the vpicar patlern
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Fig 3. X-rav ditfraction pottern of zircama Coatings On gropnie (ot
Amorphous-tvpe Drogoened DEOR trom tne as-depesited COTHnG ona the
4narp peak trom tne groonite Lar supstrate 10 Reflections trom the te-
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Fig. 4. X-ray diffraction pottern of 2irconmig coatings on Ti. {0) Ab-
sence of sharp reflections from o depesited coating ind on its
omorphous nature. {b) Typicat refiections from aipho-Ti, TiO; (rutite-
R), ZrQ, (tetragonol-t and monociinic-m} and various zirconum ti-
tonates {ZT) ore seen for coatines sinrered at 780°C for 1 h.

amorphous zirconia, in which a broadened amorphous-
type peak appears around the angie 28 ~ 30 degrees
(Fig. 33 and 4a), IrTespective of the substrate matenal. Thus
finding is consistent with the relatively smooth and fea-
tureless morphology of the as-deposited coating surfaces
{Fig. 1 and 2).

Firing induced a different phase evolution and morphol-
ogy 1n these substrate/coating systems as was expected,
and the resulting fired coaungs were opaque. The micro-
structure of the coating on the graphite substrate was char-
acterized by fine equiaxed submicron particles (Fig. 5.
These particies were 1dentified as a mixture of tetragonal
(1} and mongciinic tm) polymorphns of zircorua (Fig. 3b).
based on the {111} and {400}-type reflections. The hne
broademng of the {111)-tvpe reflections was used to caicu-
late the crystallite size of the polymorpns with the aid of
the Scherrer equation (12), assumung no strain effects due
to the substrates. (This assumption was based on the simi-
lar line broadenungs in XRD. which have resulted from the
same zirconia coaung before and after spallation from the
graphite substrates.; The volume fractions of the two
phases (¢t and m) were determimed through the “poiy-
morph” equation as corrected by Porter and Heuer (13).

The crystaliite size was found to be 2 and 12 nm for the
400 and 600°C treatments. respectively, with the poly-
morphs tndistinguishable. By contrast. treatment at 900°C
for 1 h in argon resulted in crystallite sizes of 25 and 20 nm
for the tetragonal and monoclinic phases. with volume
fractions of 15 and 85%. re<pectively. These size data indi-
cate that the SEM image (Fig. 5) represents zirconia aggre-
gates,

Firing of the zirconia coatings on graphite substrates at
the various temperatures led only to crystallization of the
amorphous coating. according to the Ellingham diagram
(14), graphite oxidizes under the present iring conditions
to form CO gas, but no reaction with the arcorua 1s ex-
pected to occur. Formation of undoped zirconia via solu-
tion by different techniques and crvstallization of the low-
temperature polymorphs of zircorua by finng at the rela-
tively low temperature are well documented 1n the litera-
ture (15-17). The presence of the t polvmorpn 1s related pn-
mariyv to the crystallite size effect (18. 19). bv which the
tetragonal phase mav be retained metastabiv at room tem-
perature. The crystallite sizes of the tetragonas phase pres-
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Fig. 5. SEM image of sintered (600°C/1 k) 2ircomio coating on grapa.
ite. The submicron particles represent oggregates constituting o mix.
ture of tetrogonal and monochinic polymorphs of zircona.

ent wittun the coaung (12-25 nm) matched well with the re.
ported particle sizes for similar caicinauon treatmen:s
(14-28 nm) (16), the range within wnicn this polymorpn
ex1sts.

The zirconia coaung on the Ti substrates exhibited a 0.
tallv different inner mucrostructure after finng. Ux:dauon
of the metallic titanium during finng resuited in the one-
nal spaces between the cracks in the coaung laver being
filled by the growing utanium oxide (Fig. 6), Microcnem.
ical EDS analyses of the vanious features of the coaung
(see Table I). and elemental mapping for Ti (Fig. 6d} con-
firmed the Ti-rich nature of the poiycrystalline phase ve.
tween the 2irconua islands. An appropniate x-ray diffrac.
tion pattern from this specimen (Fig.4b) contained
refiections of TiO. in the form of rutile. ZrQ, with the te-
tragonal and monociinic phases. and additional reffections
cowncident with those of the ZtysTigsOg13. Zro e TionDou.
and ZrgsTiesO0a; hexagonal pnases (20). In this case at a
firing temperature of 780°C. stable titanuum oxide grows
due to oxidation of a parabolic type (21. 22). Furthermore.
oxadation of Ti at this temperature occurs mainly by diffu-
sion of Ti rather than that of oxvgen through the growing
oxide layer, a circumstance which favors formation of the
low-oxygen titanium zrconate phases. The voiume frac
uons of the tewragonal and monociinic phases in these
coatings were calculated to be 37 and 63%. and their crys-
tallite sizes 26 and 25 nm. respecuvely.

Although the pH of the mother soiution was inten-
t1onally adjusted for work 1n the cathodic regime. 1t aiso ai-
fects the relative stability of the zircorua polymorpns. in
this regard. the ratio of the t/m phase content after cai-
cination at 400-600°C was reported (23) o increase at pH
values above 10 and below 6 for the zirconyi nitrate sowu-
tuon from whuch the zircorua gel was precipitated. Agan.

Table |. EDS composition resuits for ceromic coating on Ti
substrotes.*

Chermcal composiuon
tmole percent:

Microstructural
feature Zr T Remarks®
Zircomua 48.0 s2.0 °lin
island center 38.0 1.0 Fig. Ge
{reacted regions) 63.0 350
69.0 210
6.0 240
Zircorua 3.0 .0 P2in
ssland penphery 85.0 15.0 Fig. 6e
(nonreacted regions) 87.0 2.0
Oxidized regrons 9.0 ¢i.0 P3m
between aircorua a0 100.0 g Se
islands 40 000

* ©yred at 7B0°C for 1 hn awr,
* £ xamples for the anaivzea regions
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Fig. 8. SEM image of the scratch trace, showing high density of m:-
crocracks at the sm d regi perpendicular to the scrotch di-
rection.

Fig. 9. SEM images showing: (a) Typical coating cross section where
tine TiO, crystals grew around the zirconia isionds, accompamed by
shninkage and bending. (b) Debonding at the coatingrsubstrate inter-
face results in dimpled frocture surfaces.

terfaces, form the composite morphology of the zirconia is-
lands embedded in the TiO, matrnx.

In many cases, traces paraliel to the periphery of the zir-
corua islands were observed on the titanium oxide layer, as
shown by the single arrows in Fig. 7. [These traces couid
be 1dentified as the original contours of the zirconia islands
prior to firing, since some broken pieces from the edges of
the original islands were buried and left at these locations
(double arrows in Fig. 7).] By this means. the firing shrink-
age of the coating was estimated to be of the order of
~20%, assuming a similar percent shrinkage for the third
dimension of the coaung thickness.

The diamond Vickers microhardness of the coating on
the Ti substrates has an average value of 320 kg'mm-
Scratches were applied manually to the coating surtace
with a diamond indentor in order to qualitatively charac-
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terize the adherence and bnittleness of the composite
coating layer. A tvpical trace of one of these scratches s
shown tn Fig. 8; 1t exhibits a nigh density of microcracks
perpendicular to the scratch direcuon. The presence of
these microcracks in the smeared region indicates neavv
deformauon of the material by the indentor. Moreover,
some regions of the coaung near the scratch trace were de.
bonded from the substrate (Fig. 9). This aebonding oc.
curred by crack propagatuon either through the coaung or
at the substratescoating interface. In the latter case. the
fractured surface was composed of very fine dimples. ind..
caung some ductility at the interface.

Finally, the qualitauve scratch test of the coaurn and s
debonding behavior indicate reiauvely good adhesion to
the Ti substrate. In this regard. the chermical reacuons be.
tween substrate, coaung, and atmosphere aetermine the
microstructural evojution within the coating. The charac-
terisuc microstructure which resuited from these reac.
tions is similar to those of transformation to 1gnened zirco.
nia composites. and may be considered for design of
wear-resistant. oxidation-resistant and therma! barmer
coating applicauons.
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CHPATER .1 - _ .NTRODUCTION

The present report summarizes the work performed in the first

stage of the project.

The final objective of this project is to develop a method for
coating and impregnation of carbon-carbon composites with
ceramic materials s0 ag to enable their application 1in

oxidising atmospheres at elevated temperatures.

The basic concept of the program .s to utilize the phenomenon
of electrophoresis, which has been so far applied extensively
in biological systenms, for the displacement of ceranmic
particles and their deposition on the C-C substrate. The
electric conductivity of the C-C enables its functioning
as an electrode in an electric circuit in which a high
strength field 1is applied generating the motion of the charged
ceramic particles. Moreover, it is expected that the
high strength field will facilitate the penetration of the
fine ceramic particles inteo residual pores and cracks of the

substrate.

The scope of the project was later expanded so as to include a
new method of deposition, in addition to electrophoresis -
electroreduction. By this method ceramic oxides are
synthesized from an ionic aqueous solution following an

electrochemical reaction.

In the present stage most experiments were performed on a model
material for C€-C— porous graphite. The main reasons foi the
use of this model material are its more accurate

characterization and hence better reproducibility, in addition

to more ready avaiability.

As part of the general scope described above the following

objectives were put forward for this stage:




To investigate the possibility to charge, and hence deposit
under the influence of the electric field, a number of
ceramic materials which can potentially protect C-C in
high-temperature oxidizing environments {colloidal and
fused 8SiO;, SiN and SiC).

To investigate the possibility to depogit ceramic coatings
on graphite and C-~C from agqueous ionic solutions by
electroreduction (the coatings studied were CeO,, 2r0O; and

Alz03).

To prove the concept that ceramic particles can be induced
into a porous substrate due to the effect of the electric

field.

To verify the possibility to obtain ceramic deposits in the
pores of a porous substrate by electroreduction of a

suitable ionic solution.




CHAPTER 2 - LITERATOUORE SURVEY

2.1 ELECTROPHORETIC DEPOSITION OF CERAMIC PARTICLES

Electrephoretic deposition of ceramic coatings has two main

advantages when compared to other coating methods:

- more rigid control of coating thickness;

- better "throwing power®™ which enables efficient coating of
complex shapes.

As related to our specific interest a third advantage seems

attainable: the induction of the ceramic coating intc the pores

of a porous substrate under the influence of the electric

field,

Electrophoretic deposition is obtained by the mnovement of
non-conductive but electrically charged particles in an
electric field to one of the electrodes.

Two different charging modes are attributed to ceramic

particles [1]:

a) dissociation mode, such as the dissociation of silanol
groups present in silica:
SiOH + OH™ —> Z=8i0~ + HaO {negatively charged particles)
b) adsorption mode. such as the adsorption of K* from water or
from weak acids: n Al(OH) 3 +HNO;—>[Al(OH);31,, XB*+xNO~,

(positively charged particles).

The surface charge once formed is then balanced by ions of an
opposite charge derived from the solution and thus a double

layer is formed.

Usually the polarity of the particles has to be determined
experimentally because the particles acquire the charge
spontanecusly when mixed with the solvent. Further, this

charge may be reversed upon addition of ionic compounds.

According to the model proposed by Stern the double layer
constitutes of a rigid part with a linear potential gradient,




and a diffuse part with a non-linear potential gradient termed

"Zeta potential”.
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Fig. 1: The double laver and potential gradient surrounding
a charged particle.

The Zeta potential can be determined by two main methods:
microscopic determination of the velocity of individual

particles using the Smoluchovski equation or in the Burton cell
where a pure filtrate of solvent is poured on the suspensicn, a
field is applied and the movement of the sharp boundary is

monitored {2],.

When an electric field is applied to a charged particle it will




move to the electrode with the opposite charge. However, the
diffuse double layer around the particle interferes with its
movement. The diffuse charge tends to move with the particle
to which it is attached but on the other hand it is influenced
by the electric field which pulls it in the opposite direction.
The particle apparently wins. It moves through the liguid with
a diffuse egg-shaped double layer surrounding it (although it
is not actually carrying the oppositely charged ionic
atmosphere but is rather leaving part of it behind and
rebuilding it in front as it moves along}. The tendency of the
ions in the diffuse d.l. to move in the direction opposite to
the movement of the particle has an effect on the velocity. It
produces a "drag" which slows down its movement (see Fig. 2)
[3]:

DRIVING FORCE RELAXATION FORCE
/"\ )
-’
{ RETARDING
o
< k/ FORCES
e
/
(ELECTRIC) VISCOUS FORCE

Fig. 2: Egg-shaped ionic cloud and forces acting on a moving

particle.




The mobility of the particle is derived by equating the
electric force with the frictional regsistance and the
relaxation force. Thus the mobility u is given by:

EEz/4nnX [1+£(kr)] where:

H

U - mobility
E - field strength -
€

- dielectric constant of fluid
zeta potential of particles

Y
[

- viscosity of fluid
1/double layer thickness

H = 3
[

- radius of particle

f(kr) varies between 0 and 1 for small and large values of kr

respectivef&.
f(kr) represents the relaxation phenomenon, if k<<<(r then:
The Smoluchowski equation is obtained and:

u = (E“€-C )/4nn

Values of u vary between 0-20x10-* cm/sec/1V/cm. The electro-
phoretic yield iz given by:
y = alchsdt where C - conc. of particles.
J S - area of electrode
t - time

In the above eqguations it is assumed that the contribution of
the hydrodynamic velocity to deposition can be neglected and
its importance lies in maintanence of the suspension.

What happens once the particles have reached the electrode?
Three theories exist on this subject:

One theory assumes that the particles that reach the electrode
undergo an electrode reaction which neutralizes them. This
will not explain the fact that MgO deposits are obtained on a




polymeric diaphragm located between two electrodes (41},

The second theory states that the part;cles are brought to the
electrode by a field which exerts sufficient force to overcome
the repulsion between them allowing them to come close enough
for the London~Van der Waals forces of attraction to

predominate [5].
According to the Varwey & Overbeek theory (5] the minimal field
strength necessary to overcome the repulsion between particles

ig calculated from the energy of interaction between particles.

The energy of repulsion between two spherical particles V, is:

2 / - 2
VR=€§C ‘n(l+eXH°) x = 4re-Inizy

kT

p-2H

The energy of attraction - V. is: -
, _Aaa . _ =2,45 2.17
W,  M0See e ST
V=V, -V if 0<p<2 T

R A 1+1.77p

a ~ radius of particle.,

Ho - distance between surfaces of particles.
- 1l/distance of the diffuse d.l.
- No of ions per unit volume.

X
n
A - London van der Waals const.
e - electronic charge.

a

- finite time of propagation of electromagnetic waves when
particle separation is large.

A - wavelength of intrinsic electronic oscillations of e.

Prom these equations the field strength, E, necessary to

overcome repulsion between particles can be calculated from:

E = 2F/3€aczg
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Fig. 3: Energy of interaction between charged particles as
function of distance.

A third theory presumes that secondary processes which take
place at the electrode can produce ions which coagulate the
particles by discharging them or produce hydroxides which
polynerize and adsorb on particles holding them together [61}.

Parameters which affect electrophoretic deposition are the
following:

- Particle charge

~ Particle size distribution

- Particle concentration

- Dielectric constant of solvent

- Depogition voltage

- Time

There iz ap optimam value for the dielectric constant {€).
Solvents with too low € do not posses the necessary
dissociating power to obtain a charging effect on the
particles. Yet too high € leads to high conductivity and low
deposition efficiency due to parasitic electrochemical
reactions. Thus deposition from an agueous solution will result
in high energy losses and formation of voids due to gas
evolution. In previous studies it was found that optimal
deposition is obtained in solvents with €214 (7]}, (See Fig. 4




for domain of € where deposition can be obtained).
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Fig. 4: Dielectric constants of various solvents. Dark dots
designate solvents suitable for electrophoretic

deposition.

Metal oxide hydrates adsorb H*” strongly from solution causing

positive charging of the colloidal units. Thigs charge is

compensated by associated negative charges derived from anions
in the solution. The resultant dipole is responsible for the

repulsion between neighbouring units [8]. Thus for example:

Al(NOa)3+3NHLOH —> Al{OH)3+3NH4NO,3

n Al(OH)3+X HNO3 —> [(Al(OH)3l. XE™+XNOa

When silica is placed in water an electric charge develops on

it from the transfer of ione between the surface and the ligquid

phase. The surface charge layer is balanced by ions of an

opposite charge in a diffuse layer on the solution side of the

interface. The two layers constitute the electric double

layer. The potential is a measure of the electrical

potential just outside the layer of adsorbed ions that

constitute the charge of the surface; the sign of ; 1is the

gign of the surface charge.
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r can be measured also by passing a solution under pressure P

through a packed bed of particles and measuring E across the
bed. -

r = 4nnk E/EP

n - viscosity.
A - specific cond.
€ - dielectric constant

Most silicas have a certain population of silanocl groups
(£8i-OH) which can dissociate:

ZSi0H+0OR~ —> Z{Si0~)+HL0
Thus a negative charge forms on the surface.

Certain ions such as Al®* can be adsorbed and change the sign
of the 7 potential. On top of them citrate ions can be
adsorbed to change again to -7 [91.

Consecutive transformation of charge is possible such as in the
following events [10}:

Silica (neg. charged) + Al3* —> positive charge +
citrate ions —> neg. charge

Various degrees of hydration are possible. Thus silica
particles prepared by precipitation in water or long ageing in
it have surfaces entirely covered with =SiOH groups. If heated

at >400°C the following happens:
=8i
2281 ~N .
=8i-OH —> //.0+H=O(81loxane groups)

=8i

At 1200°C only siloxane remains and hydration is slow.
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on the solvent. Therefore, the coated electrode must be
determined experimentally for each material since the particles
acquire the charge spontaneously when mixed with the solvent.
Further this charge may be reversed upon addition of ions.

2.2 ELECTROPBORESIS IN POROUS STRUCTURES

In the previous sections the assumption was made that the
particle is sugpended in an infinite fluid. When
electrophoresis in porous structures is considered the presence
of rigid boundaries will affect both the electric fieid and the
velocity of the particles.

According to J. Anderson (11,12,13] the pore wall produces

three effects on the particle velocity:

- The applied electric field exerts a force on the d.l. of the
pore wall 1if the wall is charged (% .). An electrosmotic
flow of the fluid is thus proc ~ed which either augments or
opposes the electrophoretic velocity of the particle
depending on the polarity of L. vsS. T pe.

- The pore wall distorts the electric flux (current lines)
around the particle thereby intensifying the local electric
field so that the particle velocity is enhanced.

- The pore wall creates additional viscous stresses in the

fluid which retard the particle velocity.

anderson analyzed the effect of the presence of a pore when the
particle is located in the centerline of a long pore. Particle
interaction is neglected. Two geometries are congidered: a
cylindrical one X=a/R a -~ particle radius, (R - pore radius)
and a slit x=a/B (B - half width).

The basic equations which apply to this system are:

V-E=0 (congervation of charge)
nv 2v-Yp=0 (Stokes eq., velocity dominated by
viscous streases).

7°V=0 ({conservation of mass)
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Solving these _4uations one obtains:

Up={1-1.289913+1.896315-1,0278X5+0(1 %) 1x——%—‘€(c T-T:']: =

for a cylinderical configuration, and:

Up=[1-0.267713+0.3383 As-o.otsozxuotl"'dcm.m =

for a slit configuration

It should be noted that the pore size effect enters first at
1*. Therefore ) has a weak effect. This is because of a fast
decay of electrical and velocity disturbances from a particle

moving in an unbounded field.

The disturbance to the electric field is given by:

A
Bzl £3°(1-2lEe
vty Uy=Elep-tw)Ee
p 2'T 0 0" 4m

Both fall off with \3.

The pore wall intensifies the electric field nuving the
particle faster but the effect on the hydrodynamics leads to a
larger retardation, thus overall the velocity is reduced as the

pore size decreases.

In a closed system the average flow of solution through the
porous medium is zero and a macroscopic pressure gradient
develops to oppose the electroosmotic flow produced by the
electric field. The cross-section available for the particle

is (1-))? for a cylinder and (1-)) for a slit.

cylinder:

=.€—En o —C.E. ..7‘2 - -E}L 3
Up = E [1*(;p)(2R ™ y-(1 Cp)x1289)\ ]

slit:

U_=E2R po(1e (24) (h-R2)-(1-3%).0. 26773
p 4m (sp)( o ,p) i
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Here the.electrophoretic effect comes in at 3 and is weak while
the pressure flow has a contribution dependent on and has

therefore a stronger contribution.

It is to be stressed that in the above analysis the pore walls

were considered to be non-conductive.

2.3 ELECTROCHEMICAL DEPOSITION OF CERAMIC FILMS

It has recently [14] been described in literature that it is
possible to synthesize ceramic films from water soluble ceramic
precursors by an electrochemical method. The method 1s based
on cathodic reduction of water or another anion as NO,~, to
generate OH~. A secondary reaction between the OH™ and an
appropriate metal ion present in the solution can result in
formation of the hydroxide and oxide of that metal. Thus,
Switzer (14] has synthesized Ce0O: in a system where the
catholyte was 1.0M cerous ammonium nitrate and the anolyte
contained 1.0M NaNO,. The cathodic reactions which tocok place

on a platinum cathode at c.d. of 50mA/cm?® were:
2H50+2e —> H,+20H“Eo~-0.83V
NO3~+Ha0+2e —> NOL~+20H™ Eo = 0.01V

The mechanism of the secondary reaction is not clear yet but it

may be:
Ce**+40H~ —> Ce(OH),
Ce(OH) 4~2H,0 —)> CeOa

The powder deposited on the cathode was identified by X~-ray
diffraction to be ceric oxide with a cubic lattice constant of
0.5409nm and a crystallite size of 7.0nm. After ultrasonic
dispersion the material was found to have a narrow particle

size distribution with an average particle size of 1.8u. The
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morphology of the ceramic film will depend wainly on the
electric- conductivity of the oxide formed. Thus highly
conductive materials can form thick dense films or powders.

It is possible to synthesize oxides by an anodic reaction.
This is based on the oxidation of a metal ion to an oxidation
state at which it undergoqs hydrqusis to an hydroxide or
oxide. Switzer {14] has deposited thallic oxide films from a
solution of a 0.5M thallous acetate in 1.0M NaOH on silicon
substrates. By similar reactions oxides of Ni, Cu, Co,Fe and
Mn were deposited by Tend and Warren (151 while Sakai et al.
{16] have deposited a mixed Pb-Ti oxide film.

The methods described above differ from the electrophoretic
deposition of colloidal ceramic particles. However, we believe
that they can become powerful methods for coating flat and
complex shapes as well as for impregnation of porous structures

with ceramic materials.

2.4 ELECTROCHEMICAL REACTIONS IN POROUS ELECTRODES

Electrochemical reactions in porous electrodes have been
studied in two systems mainiy:
in fuel cell electrodes and in electrochemical reactors used

for processes such as metal ions removal from waste water.

Two groups of electrodes exist: forced flow through and
diffusion porous electrodes. Theoretical analysis of reaction
kinetics in such systems have been performed by numerous
researchers (17,18,19,201.

One of the models used in the analysis of diffusion electrodes

is the "straight pore” model (see Fig. 5).
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Fig. 5: The straight pore model for diffusion electrodes
and the current distribution.

This model assumegs that the electrode consists of a number of
identical, straight, nonintersecting, cylindrical pores running

through the entire length of a conductive matrix.

The basic assumptions in this model are that the pores are
filled with electrolyte, no potential drop exists in the solid
electrode so that potential gradients are in the solution only,
the concentration of reactants is high so that no mass transfer

limits exist.

The potential distribution in such a system is:
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The current, up to point Z-I., and the total pore current - I.

is:
¢ .
I.=tan(z-] (29 -
To= krr2x 2R, Yo a’%
= 2X7F 2exp (=) tan[ (5 exp(.)’.%)]
j 1 7. 2iok%F
K= =z 2207 T — nF
cosh yo %7 KRTr, Y= Sar
2
where

ig - exchange current

n - overpotential

The current distribution will depend mainly on i, and k -
conductivity of the solution. For io<10-?aA/cm? and

k>10 ohm~*cm~*, there is no potential variation in the pore and
the current distribution is linear. If for example io=10-%A/cm?
k=0.1 ohm~*cm~* and r»=5X10"*cm, then 10% of the current are
generated at the first half of the pore when n=0,3V.
Flow-through porous systems have been analvzed through several
nodels. We shall mention the macroscopic model [181 described

in Fig. 6.
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SOLUTION FLOW

. Schematic diagram of cell assembly. A, upstreom
electrode (SCE); B, counterelectrode; C, downstreom referenct
trode (SCE); D, platinum contact rod (glass-covered); E, Keb
body; F, ossembly bolt; G, O-ring seal; H, gloss tube with
joint; 1, porous graphite electrode inside heat-shrinkable
J, glass #rit.

Fig. 6: Flow-through porous reactor.

In this model no detailed description of pore geometry 1s
attempted, the electrode being characterized by the void
fraction (€) and the surface per unit volume only (a). The
electrode is conaidered to be isotropic with the matrix
condutivity being higher than that »f the filled pores so that
the potential difference is due to the solution only. The
electrolyte flows through the electrode due to a pressure
gradient. The potential gradient (A#s) and the collection
" efficiecy (CE) of the cathodic reduction of metallic ions is

given by:

At high flow rates:

Ade R
nRs B___
Tr;z-x ¢ UZ/ 3

while at low flow rates:

2/3

205 U Ads u -akpAL
.f.... A\ RS T -f—i = RS{ m {l-exp(k G }} -
max max

-exp( :ETkJmA._L.) }
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where:

- specific interfacial area

A - cross-section of electrode

km - average mass transfér coeff.

L - length

U - volume flow rate .

Re - resistance of solution filled pores = L
g =~ ctonductivity of electrolyte

P - pressure gradient

The process of agintering, the compatibility of substrate
coating and the evaluation of the oxidation resistance will be

discussed in a future report.
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CHAPTER 3 - METHODS AND MATERIALS

a) Substrates

Two kinds of substrates were used, a porous graphite and a
carbon-carbon composite: -
- Porous Graphite UCAR Grade 45
Porogsity - 48%
Average pore size - 60u
- 2D Carbon-Carbon (received from Edwards Base, no further

details availablel}.

b) Ceramic Materials

Electrophoresis

- Colloidal SiO; - Pyrogenic Aerosil
{submicron 460 m2/gr)

- Fused SiO; (1-40u)

- Glass Ceramic {borosilicate matrix with SiOzx and 2ro0:
crystalline phases)
(ave. size 5-6u).

- SiC (600 mesh <40w)

- SiN (0.2-1.0u).

Electrodeposits

Ce0a2, 2r0,, Al.05; were deposited.

c) Specimens

12-25mm diameter, 5-7mm thick or 20x20x7mm.

d) Deposition parameters

Electrophoresis was carried out from suspensions of




respective particles 1n non-aqueous solvents. Stirring was
applied during deposition. Deposition was carried out at
constant voltage with current varving due to deposit
formation. Electrodeposition was carried out from agueocus
solutions in a two-compartment svstem with anolyte and
catholyte of different compositions. Figs. 7 and 8 describe

.

the experiment set~ups.

Electrophoresis

Deposition voltage - 30-430V

Particle conc. - 3-33 g/1

Solvents - isopropanol, ethanol, hexanol

Temp. - room

Current density - 100-5 mA/cm? (c¢.d. fell during experiments
due to build up of deposit}.

Deposition time - for most specimens it was 2 hrs but in
cases when thick deposits formed rapidly deposition was
stopped when the c¢.d. fell to 5 mA/cm?,.

Counter electrodes - stainless steel.

Distance between electrodes - 18mm.

Electrodeposition

Catholytes: 1M Ce (NOa)g 1M Al(NOa3)a, 1M ZrO(NOs)>
Anolyte: 1M NaNO,

Deposition voltage: 5-40V

Current density - 10-50 mA/cm?

Temp. - 25-53°C

Deposition time - 3-120 min

Counter electrode ~ Pt

Specimen preparation

Ultrasonic cleaning in acetone for 5 min prior to coating
and air drying for 24 hrs after deposition prior to
examination of deposit. In case of quantitative
determination of impregnated $10. the external deposit was

removed physically.




e) Testing of deposits

£)
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Sbecimens were examined in the SEM for morphology. Mapping
and line scans were applied for analysis of coating. The SEM
uged was Jeol T-200.

Examinations were perfor&edi on ’the surface and on cross-
sections. The cross-section was obtained by breaking the
specimen after removal of the external coating with
compressed air. X-ray diffraction was made on the deposits
obtained by electro-reduction as received and in some cases
after thermal treatment. Quantitative determination of SiO,
induced into the vorous structure of graphite at varying
deposition parameters was made by analyzing the S$i0, residue
after burn-off of the carbon at 950°C for 20 hrs. The white
residue was treated with HNO;+HF forming volatile HFa\Si.
Weight differences were determined in both stages.

Electroosmotic flow

This effect was studied on graphite specimens that were
cleaned and weighed prior to immersion in isopropanol and
water for defined intervals with and without an electric
field (50V/cm). The specimens were weighed again after
immersion. On basis of weight gain, dimensions and
percentage of porosity, the percentage of filled pores was

calculated.
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CHAPTER -4 -~ RESULTS

4.1 Electrophoretic deposits

4.1.1 Surface morphology

The surface morphology of‘ the "Qreen" deposits, both on
graphite and C-C specimens, was examined by optical and
electron microscopy. Figs 9-13 represent the macroscopic view
of the various deposits excluding colloidal Si0; which resulted
in a transparent coating. The surface view of the 5i0; deposit
ig seen in SEM micrographs (Figs. 14,15) including a x-ray

mapping (Fig. 16).,

4.1.2 Morphology and composition of cross-~-sections

In order to verify the possibility of induction of ceramic
particles into the porous substrate cross-sections of coated
specimens of graphite and in a few cases of C-C, were prepared
{following removal of external coating/ and studied in the SEM.
at this stage, the study concentrated on the colloidal SiQ;
deposit (Figs. 24-44) with only initial examinations of the
§iC, SiN and fused Si0. (Figs. 17-23). For the colloidal 5i0a,
the cross-~sections of specimeéns obtained under varying
deposition parameters were examined at locations differing in
distance from surface so as to study the "in depth"” distribu-
tion of Si0.. However, only two locations are shown here, one
close to the surface (about 0.5mm from surface and termed
"edge") and one in the middle of the cross-section (3.5mm from
edge termed ‘“"center") (see Figs. 29-44). For specimens 8 & 9
no center photo is shown since there was no SiO, found. Prior
to the systematic study; the existence of Si0O: 1in the
cross-section was established without specific notice of the
distance from surface (Figa. 24-28). The deposition parameters
for the =olloidal Si0; specimen seen in Figs. 29-44 are
described in Table 1 . For reference a cross-section of an

uncoated graphite specimen was examined also (Fig. 44).
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Fig. 8: Glass ceramic on graphite (electrophoresis).

Fig. 10: SiC, SiN and fused SiO; on graphite (electro-

phoresisg),
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Fig. 11: SiC on C-C composite (left perpendicular direction
to fiber cloth, right parallel to cloth) -

electrophoresis.

Fig., 12: Fused Si0O, on C-C composite (left perpendicular,
right parallel) -~ electrophoresis.




Fig. 13: SiN on C-C composite - electrophoresis.

Fig. 14: Colloidal Si0O. on graphite (electrophoresis).




Fig. 15: as in Fig. 14 but another specimen.

Fig. 16: X~ray mapping of Si on area seen in Fig. 15,




Table 1: Deposition parameters for specimens examined
in the SEM (Figs. 29-44) (Deposition time - 2 hrs).

f ] [ T 1
| Specimen f Solvent |SiO= concen, l Deposition |
‘ No. ‘ ‘ {g/1) | Voltage <V}’
i f T t i
| 1l l Isopropanol‘ 13 | 30 |
| 2 l X | " | 130 |
[ 3 ( " l ” { 50 f
| 4 | " 1 X 300 i
T e T LI
| 6 l Ethanol I 3 l 30 ’
| I A T
|8 I e
|9 N
i 10 ‘ Pentanol l " | 30 1
|1 I T B
|12 I
| 13 ! " | " ' 450 |
' 14 | Isopropanoll 3 g/1 SiN 1 30 |
I 15 Blank ( - { - l - ‘
L 1 L ) I i

* Exposure to solvent for 5 min prior to deposition.
LR .. - b v -

”

Fig. 17: Cross-section of graphite specimen coated with
fused Si0,. (Morphology + x-ray mapping of Si).
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Fig. 18: Cross-section of graphite specimen coated
with SicC.

Fig. 19: X-ray mapping of Si on area seen in Fig. 1B.
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Fig. 20:

SiC particle in C-C section.
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Fig. 24: Cross-section of graphite specimen coated
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with

X-ray mapping for Si on area seen in Fig. 24.
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Fig. 26: X-ray mapping for Si on another area seen of
cross-section.
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Fig. 29: Cross-section of specimen No. 1 -

Si mapping.
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Fig. 31:
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Fig. 32:
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Fig. 34: Cross-sectlon of specimen No. b

S1 mapping.
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Fig. 35: Cross-section of specimen No. 7
S1 mapping.
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Fig. 36: <Cross-section of specimen No. § -

Si mapping.

Fig. 37: <Jross-section oi specimen No. 9 -

51 mapping.
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Cress—-section of specimen No. 1

Fig. 39:
S1 mapping.
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Fig. 43: Cross-section of specimen No. 14
51 mapping.
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Fig., 44: Cross-section of uncoated specimen -

Si mapping.
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4.1.3 The electroosmotic effect

According to J. Anderson {11] when a porous medium is brought
in contact with a solvent an applied electric field will cause
an electroosmotic flow of the solvent into the pores provided
the pore walls are charged. To verify the existence of this
effect the following experiments were carried out:

Specimens of porous graphite (20x20x7mmn) were immersed 1in
distilled water (pH=5.5) and in isopropanol. The weight gain
as function of immersion time with and without the existence of
an electric field (50V/cm) was determined. Based on pore volume
and solvent density the percentage of pores filled was
determined (see Table 2 and Fig. 45 next page).

4.1.4 Electrophoretic impregnation of a porous substrate with

ceramic particles

The amount of colloidal Si0O, induced into porous graphite at
varying deposition parameters was determined. The
determination was performed by analyzing gquantitatively the
amount of Si02 in the specimen after physical removal of the
external coating and graphite layer. The analytical method is
described in chapter 3. The amount of SiO,; was expressed in
weight percents as related to the graphite specimen. A blank
specimen (uncoated) was tested too and a background value of
0.03% was found. Table 3 describes the deposition parameters
and results obtained. From these results the dependence of
degree of impregnation on deposition voltage, particle
concentration and type of solvent was offered and presented in
Figs. 46-48,
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Table 3: Weight percentage of SiOaz in graphite specimens as
determined by chemical analysis. (Deposition time -

2 hrs).

I I | I | ]
lSpecimen | Solvent [ Concen.(Depositionl %510, ‘
| No. { l SiO02 | voltage | I
I | | e/l | vy |
! i i f i 1
| 1 |Isopropanol | 3 l 30 } 0.16

| 2 | " | | 150 | 0.23 1
| 3 | " | " ‘ 300 l 0.26 |
i 4 | " | " | 450 ! 0.18 |
I 5 | " ! 13 | 30 | 0.35 ,
| 6 | " | " | 150 | 0.18 l
| 7 | " l " | 300 [ 0.30

| 8 | " | " | 450 [ 0.11 ‘
| 9= | " | " ] 150 ‘0.61 (wet |
l l ! [ I milling) ]
l 10 | " | 30 | 30 | 0.4

| 11*= 1 " ] 13 | 30 | 0.68 |
; 12 iPentanol | 3 | 30 ‘ 0.1

| 13 | " ‘ " | 100 1 0.1 1
i 14 | " | " ! 150 | 0.2 !
‘ 15 | " | " | 200 f 0.1 |
l 16 | " | 13 } 150 | 0.1

| 17 !Hexanol | 3 | 150 | 0.07 |
| Blank | | | |00
L —l L i i e
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4.1.5 Morphology of irduced SiO.

A most interesting rhenomenon was observed during the
quantitative determination of the Si0; irduced in porous
graphite. As mentioned before, the first stage in the
determination is the removal of the graphite by its oxidation
at 950°C. In specimens with a higher content of SiO, (0.68%),
after the carbon volatilizat .on a skeleton of Si0., in the exact
form and volume of the original graphite specimen was seen (see
Figs. 49,50).

4.1.6 Relevant solvent properties

Two solvent properties relavant to electrophoretic deposition
are presented in Table 4 based on data from literature. 1In
addition the viscosity of two Si0, suspensions in isopropanol
and one in pentanocl were measured using an Epprecht Rheomat 15
instrument. Measurements of sheer stress as dependent on sheer
rate were performed on suspensions which have been stirred for

30 min.

Table 4: solvent properties (at 25°C)

I ] T T ]
jSolvent ‘ Dielectric lSiO; 3 vigcosity [
, ' Constant lconc. ! (cp) |
| | j9/1 | |
1 L I L H
{ | { | }
‘Ethanol 1 24.3 ! - l 1.04 ]
|1sopro- | | | |
{panol ] 18.3 I - { 2 1
[ " ] - l 13 ‘ 4.37 |
[ " | - ; 30 [ 5.74 {
1Pentanoll 13.9 l - ‘ 3.31 ;
] " | - [ 13 [ 5.21 |
'Hexanol ] 13.3 | - | - [
L ! ] J




61

Fig., 49: Induced Si0., skeleton remaining after porous
graphite volatilization (0.68% SiO,) specimen in
Table 3.

Fig. 50: Cross-section of skeleton seen in Fig. 49.
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4.2 Electrodeposition of ceramic films

Three types of oxides (CeO,, 2rQO: and Al30.4) were deposited
from agueous solutions containing Ce(NOs)e, Al(NOs)s and
Zro{NO,) a2 respectively through an electrochemical reaction.
The deposits were formed both on graphite and on C~C specimens

which functioned as cathodes_in an glectrochemical cell.

4.2.1 CeQ, deposition

The Ce0, was deposited from a catholyte of 1M Ce(NOs), with an
initial pH of 2.2. The anolyte, separated by a glass frit, was
1M NaNOj;. The graphite and C-C specimens were cleaned with
acetone and then kept in the solution for 20 min in an
ultrasonic bath to facilitate penetration of the soluticn into
pores. Surface deposits were obtained at 20V (initial c.d. of
30mA/cm?®) at 30°C for 10 min. In impregnation experiments the
voltage and c.d. ware lowered (5V, 5 mA/cm?) and the
temperature raised to S55°cC. The experiment ¢ ration was
prolonged too to 30 min. The surface deposit was examined with
the SEM and also by X-ray diffraction. Fig. 51 shows the
deposit on C-C specimen, while Figs. 52, 53 show the deposit on
graphite as seen in the SEM and by mapping of Ce. The results
of X-ray diffraction of the deposit and the diffraction of a

known CeO, powder are given in Table 5.

The formation of CeO, deposits inside the matrix of a C-C

specimen is shown in Figs. 34-56.
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Fig, 51: CeOz on C-C composite ({electrodeposition).

Fig. 52: CeO2 on graphite (electrodeposition).
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Table 5: X-ray diffraction characteristic of CeO2

X-ray diffraction characteris:ic of Ce coating

. 2

Feak Anale Tip widin Pealk Backsg U spac I/ I Iype Cimn

no (deq) (des) (ets) (cts)  (ang) 3] Al AZ 0% i

1 28.7206 G.60 1729. SE. Z.10%D 100.00 b4 7.22

2 33.1625 .60 S76.. 160. .2.6992  23.12 2. ns

3 47.3875 0.60 1406, 62.  1.9093 30.87 4 4037

4 S6.4075 1.20 (35, 19. 1.5299 6.5 X 5,90

S S$2.16350  0.60 376. 9. 1.5602  21.64 P 2.51

6 69.5300 0.60 166, 20, 1.2509 9.857 b 1.65

7 76.6475 G.60 731. 37. 1.2422 43.17 X 4.37

e -79.2000 0.40 621. . 0. 1.2085  39.17 X 19.0S

9 22.6200 0.20 24, 29. T 1.10629., 47.27 b4 1.86

19 95.5¢00 0.40 767. 23, 1.0398 44.12 x 2.5¢
X-ray diffraction characteristic: of Ce0; powder,

Feak Anqle Tip widtin Peak - Eackg D spac I/Imax Tvpe “

- no *(dea) (deq) {cis) f{cts) (Ang) () Al A2 0Ot
1. 28.3800 1.20 212. 250. 3.1423 190.00 %
2 3217775 1.00 15¢. =59 2.7201 17.13 hd
'3 47,2109 1.20 713. 243, 1.92237 78.16 X
L4 56.0175 1.40 449, 204. 1.6403 49.28 X
S 69.132S 1.20 €6. 77. .1.3374 9.49 . X
G+ 73.8500 1.20 202. 8g. " 1.258% 22.11 X
7 -88.4075 1.40 67. 166. 1.1048 7.3 X
g 94.8450 2.00 76. 122, 1.046) g8.20 X
.9 106.4325  1.20 61. . 0.9618 .67 X
:10  113.635 2.00 110. 137. 0.9z204 12.09. ¥
11 116.2000 0.40 43, 221. 0.9073 1.92 X

- - ]

Fig. 54: CeO2 particles in C-C composite section.
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Fig. 55: Like Fig. 54.

X-ray mapping of Ce on area seen in Fig. 55.
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4.2.2 2Zro, deposition

The ZroQOa deposit was obtained from a solution of 1M
ZrO(NO3)2°4H30 in the cathodic section and an anolyte of

1M NaNO,. The deposit was obtained on a graphite cathode with
a platinum foil acting as the anode. The deposition was
performed at a constant c.d. of 25 mA/cm? (nominal) which
corresponded to a voltage of 5V. The initial pH of the solution
was 1.1. Deposition time was 60 min. At the end of the
experiment a thin white deposit was evenly distributed on the
surface of the graphite. Fig. 57 shows the surface deposit.
while Fig. 58 shows the x-ray mapping of Zr on the same area.
At a smaller magnification relatively large crystals are seen
(see Fig. 59) in some locations. A cross-section through the
coated specimen was prepared (by cutting with a diamond saw)
and is seen at 2 magnifications in Fig. 60. Microanalysis of
the deposit was performed in locations of smaller and larger
" crystallytes and the results, corresponding to the atomic ratio
in ZrO; are shown in Figs. 61. X-ray diffraction of the
deposit as received indicates an amorphic structure. Further
experiments at higher c.ds. and duration showed the possibility
to obtain heavy and thick deposits. Calcination experiments
are underway and they indicate a crystallization process of the
deposit (detailed results will be reported at a later stage).

Fig. 57: ZrOs; on graphite (electrodeposition).
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Fig. 58: X-ray mapping of Zr on area seen in Fig. 57.

4.2.3 Al,0. deposition

The possibility to obtain thin white aluminum oxide deposits on
graphite was demorstrated in experiments performed with
1IMA1(NO,;). as catholyte and 1M NaNO, as anolyte at a c.d. of
50mA/cm? corresponding to 30V for 15 min. Initial pH=2.6.

Fig. 62 shows a general view of the deposit on graphite
specimen and Figs. 63.64 show a microscopic view and a x-ray

mapping of Al of the same deposit.




69

€
e

Fig. 29: 2Zr0- on graphite.

Fig. 60: Cross~section through ZrO, deposit,
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Fig. 61: Microanalysis of ZrO. deposit.
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Fig. 62: Al:0; on graphite (electrodeposition).

Fig. 63: Ala0a graphite (electrodeposition).
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CHAPTER 5 - DISCUSSION OF RESULTS

Surface deposits of all the ceramic materials studied (colloidal
and fused Si0Oa, SiC and SiN) were obtained both on graphite and
C-C substrates by electrophoresis. SiO; and SiC deposits formed
on the anode indicating the presence of a negative charge on the
particles, while SiN deposited on the cathode. The charging
mechanism of SiO, takes place as indicated in literature, by the
ionizetion of silanol groups present on the surface of silica

which has been in contact with water for prolonged periocds.
=Z8i~-0OH+QH~ —)> =810~ +H20

The charging of SiC and SiN can be envisaged through an
adsorption mechanism with SiC adsorbing negative ions and SiN
adsorbing positive ones. In the systems we studied the
available ions are OH- and H~ deriving from small coicentrations
of water present in the solvent. The dielectric constant of the
solvent (isopropanol) is at an appropriate level so as to enable
charging of the particles and yet to prevent electrochemical
deconposition of the fluid and evolution of gas.

Under the influence of the electric field the particles move to
the electrode with the opposite charge forming a relatively
dense and adherent "green coating” the thickness of which

depends on the deposition time (Figs. 9-13).

In thick coatings cracking is evident in the green state. This
has been encountered in previous work and eliminated by increase
of particle surface energy. In the coatings on the C-C
composite, a non-uniformity in coverage is observed due to the
texture of the carbon fiber cloth and local variations in con-
ductivity (Figs. 11,12). All together the composite is, as
expected, sufficiently conductive electronically so as to enable

its functioning as an electrode in the electrochemical system.

In addition to the formation of surface deposits, the induction
of the particles 1into the pores of a porous substrate was
demonstrated both gqualitatively and guantitatively. The

qualitative studies were performed on cross-sections of coated
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porous graphite in the SEM. Clusters of colloidal SiO, are seen
inside the cross-sectional (Fig. 24) while in the cage of larger
particles and as in the case of SiC and fused $10, single
discrete particles are seen in graphite (Figs. 17,18} and in C-C
(Fig. 20). X-ray mappings of the exposed cross-sections for the
Si showed the presence of this element in the clusters and
particles. A line scan for Si (Fig. 28) showed variations in
its concentration indicating its localization in the induced
particles. In some cases the presence of Si in the particle was
shown by obtaining its spectrum with peaks characteristic of Si
(Fig. 21).

In order to evaluate the degree of penetration of the ceramic
particles as function of depth, locations at varying distance
from the surface were mapped for Si. This was done for
colloidal Si0O, deposits. Only two locations are shown in this
report, one <close to the surface and one in the center of the

croas-section (Figs. 29-44).

It is very difficult to deduce comparative evaluations from
these experiments. Those are much more rigorously obtained from
following guantitative determinations of SiO;. However, one
trend is gquite clear: the decrease in Si0O. concentration with

depth of specimens.

Quantitative evaluation of the amount of Si0; :induced into the
pores was made by determining the amount of Si0O; in the porous
specimen after removal of the external deposit. Since no
sintering of the 3Si0, was performed, it was possible to remove
the graphite completely by its gasification at 950°C. The value
obtained for Si0Os; 1n a blank graphite specimen was only 0.03%,
The tests were performed for deposits obtained in three solvents
at varying deposition voltages and particle concentrations. The
choice of solvents was based on their dielectric constant and
viscosity. We decided to test in addition to 1isoproponol a
gsolvent with higher dielectric constant and lower viscosity -
athanol, and two with Jlower € but higher viscosity - pentanol
and hexanol {aee table 1), A lower viscosity 15 expected to

facilitate particle penetration due *o reduction :n viscous
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stresses. Powers (7] claims that electrophoretic deposition 1s
obtainable only in a definite range of dielectric constants
(d.c}) (€=12-25). It was of interest to experiment with
solvents with lower (pentanol, hexanol) and higher d.c.
{ethanol). However, it was impossible to differentiate between
the effects of the d.c. _and that of the viscosity since both
varied independently in the various solvents. Fig. 48 shows
that at indentical voltage and particle concentration the order

of impregnation efficiency is:
isopropanol > pentancl > hexanol

{negligible impregnation was found in the SEM for ethanol and
therefore no quantitative tests were performed).

It can be deduced therefore that lowering of d.c. and increase
in viscosity retards nparticle impregnation. It should also be
pointed out that the presence of ceramic particles raises the
viscosity appreciably, the value increases with increase in
particlé-concentrétioﬁ {see Table 4), The effeét of deposition
voltage on impregnation is seen in Fig. 46. A maximum at around
300V is seen for propanol at two concentrations. This can be
explained by the ambivalent effect of the vbltage. On one hand
its increase will enhance penetration due to increase of the
electric field but at the same time the build~up of the externai
coating which will be enhanced too will block further impregna-
tion. Indeed at 450V a very fast build-up of external coating

was observed.

The effect of concentration is seen in Fig. 47 for isopropanol
at 30v. The impregnation 1increases with concentration with a

diminishing rate.

A most interesting result was obtained during the quantitative

5105 determination. It was found that in those specimens where

the $i0, concentration was at higher levels (such as 0.6%), a

S10, skeleton of the same shape and dimensions as the original

specimen ramained after the gasification of the graphite (Faig.

49). Moreover, the cross-section of the skeleton contained 510,
n

{(Fig. 560) 1indicating impregnation of the whole cross-section of
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the graphite specimen. Thus the induction of the colloidal S510a
into the porous matrix under the influence of the electric field
was proven.

The electroosmotic effect which enhances the filling of pores as
a result of the presence of an electric field was shown in the

experiments described in 4.1:3, Tablé 2 and Fig. 45.

The presence of an electric field has a strong influence on the
penetration of water into the pores of graphite. Only 12% of
the pores were filled in absence of a field, while about 80%
were filled after over 5 min. but less than 15 min. of exposure,
when a field of 30V/om was applied. 1In the case of isopropanol
80% of filling was attained both with and without the electric
field. However, the rate of filling was higher with the electric
field.

Deposits of Ce0Oa, 2r0z and Al0; were obtained by cathodic
reduction reactions that form OH~ followed by the interaction of

the OH- with the appropriate cation:

- electroreduction of H;0 and NOa~:
2H20+2e —> HL+20H™
N03—+H20+29 — N02_+20H-

- interaction between the OH- and the cation:
40H-+Ce®*~ ——> Ce(OH),
30H-+3al3*~ —, Al(OH)a>
40H=+Zr4 —> Zr(OH),

-~ Dehydration of the hydroxide to form CeOz, Al,05 and ZrO5.

A crystallographic analysis was made for the cerium containing
deposit only so far confirming the CeOa composition.

A similar preliminary analysis of the Zr containing deposit
indicates the as-deposited material to be amorphous and to
transform into the crystalline form by calcination. Thick
deposits of CeO, and 2ZrOa could be formed by increasing ¢.ds.

and deposition time. However, in the case of Al;0, only very
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thin films were obtained. This might be due to differences in

the electric conductivity of the three compounds.

CHAPTER 6 - CONCLUDING REMARKS

The final objective of this research project is the development
of a method for coating and impregnation of carbon-carbon

composites with ceramic materials.

During this stage of the project the fundamental concepts
underlying the approach, based on the phenomena of
electrophoresis and electrodeposition, were tested.

Most experiments were performed, at this stage, on a model

material for C-C: porous graphite.

The results obtained can be summarized as follows:

- Electrophoretic deposition of the ceramic materials, studied
so far (colloidal and fused SiO,, SiC and SiN!, on graphite
and C-C takes place following charging of the particles and
their displacement under the influence of the electric field.
The S1i10a and SiC particles acquire a negative charge
therefore are deposited on the anode, while the SiN 1s

deposited on the cathode.

- In addition to the formation of surface depcosits the
induction of the <ceramic particles i1nto a porous substrate
was demonstrated qualitatively for all ceramics and wos
studied guantitatively for <c¢olloidal SiO,. The extent of
penetration was studied on cross-sections of coated porous
graphite in the SEM and by guantitative determination of the
Si0z content in specimens obtained at various deposition

conditions.
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It is shown that an optimal value exists for the deposition
voltage resulting from its ambivalent effect on particle
penetration. This value was found to be around 300V

{180 V/cm).

The effect of the solvents-studied on impregnation efficiency
in decreasing order 1is:

propanocl > pentanol > hexanol > ethanol

Increase of particle concentration enhances impregnation up
to about 30 g/1 for colloidal Si0O,.

Although the weight percentages of impregnated Si0O. are low,
it 1s shown that the whole cross-section of the porous
graphite was impregnated. This is demonstrated by the SiO,
skeleton left behind after gasification of the graphite.

Further optimization of deposition parameters will lead to

increase of extent of impregnation.

The electroosmotic flow of isopropancl and of water into the

pores was demonstrated.

Ceramic coatings of CeO,, 2r0, and Al,0; were deposited on
graphite and C-C by electroreduction of agqueous solutions
containing inorganic salts of the appropriate metals.
Clusters of CeQO, were obtained in the skeleton of C-C by this
method.
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